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A B S T R A C T
M o d e l e r s  of e arly d i a g e n s s i s  in s e d i m e n t s  have, in general, 
i g no r e d  the p o s s i b i l i t y  ana c o n s e q u e n c e s  of p e n e t r a t i v e  c o n v e c t i o n  
due to i n c r e a s e s  in the d e n s i t y  of b o t t o m  water. Some comm o n  
a s s u m p t i o n s  made by m o d e l er s,  e.g. s t e a d y - s t a t e  d i a q e n e s i s  and 
lateral h o m o g e n e i t y ,  do not hold, when p e n e t r a t i v e  c o n v e c t i o n  occurs, 
and c o n c l u s i o n s  a bout c h e m i c al  f l ax es  and d i a g e n e t i c  r e a c t i o n s  ipay 
be wrong. This t h es is  d e s c r i b e s  o b s e r v a t i o n s  of p e n e t r a t i v e  c o n v e c ­
tion in the s e d i m e n t s  of a f r e s h - w a t e r  lake u n d e r g o i n g  fall cooling. 
To that end, t hree p ro be s with t h e r m i s t o r s  s pa c e d  at 1.0 to 7.5 ca 
m e a s u r e d  t e m p e r a t u r e  in the s e d i m e n t s  e very 5 minutes. In a n t i c i p a ­
tion of fall c oo l i n g ,  the p ro be s were in p l a c e  for the last two 
w eeks of O ct o b e r ,  1979, in Lake 227 of the E x p e r i m e n t a l  L ak e s  Area, 
n o r t h w e s t e r n  Onta r i o .  I a t t e m p t e d  to e s t i m a t e  the a v e r a g e  or 
“g lo b a l "  v e l o c i t y  of p o r e  w a t e r s  by m a t c h i n g  the o b s e r v e d  time 
series of t e m p e r a t u r e  to time s e ri es  g e n e r a t e d  by a heat t r a n s p o r t  
model that i n c l u d ed  a d v e c t i v e  t r a n s p o r t  of heat. The n o n l i n e a r  
r e g r e s s i o n  did not give any global v e l o c i t i e s  g r ea t e r  than 5 X 1 0 -6* m 
s ~ 1 , w hich was not s i g n i f i c a n t l y  d i f f e r e n t  f ro m  zero. Howe v e r ,  
p e r i o d i c  f l u c t u a t i o n s  of t e m p e r a t u r e  in the u p p e r 8 c e n t i m e t e r s  at 
the s h a l l o w  p ro b e site (0.75 m w a ter depth) i n d i c a t e d  that high 
f r e q u e n c y  v e l o c i t y  f l u c t u a t i o n s  had a m p l i t u d e s  as l ar g e  as 7 x l 0 -3 m 
s ' 1 .
C a l c u l a t i o n s  of the t i m e - d e p e n d e n t  R a y l e i g h  n um b e r  i n d ic at ed
i i i
that the pore w a te rs  were m a r g i n a l l y  u n s t a b l e  with r es p e c t  to c o n ­
vection.
A short d i s c u s s i o n  of the t h e o r y  of p e n e t r a t i v e  c o n v e c t i o n  in 
s e d i m e n t s  i n d i c a t e s  when and w h e r e  this p r o c e s s  might be i m p o rt an t 
in the oceans. T e m p e r a t u r e  c h a n g e s  o-f 10 deg or s a l i n i t y  c ha n g e s  of
1.0 g/kg c o uld c au s e  p e n e t r a t i v e  c o n v e c t i o n  in s e d i m e n t s  that are 
very p e r m e a b l e  (e.g., c o a r s e  sands).
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1 C r it ic al  times, t = , and dept h s ,  Hc , are given for v a r io us  
v a l ue s of and AS. The a m p l i t u d e s  of v e l oc it y,  4, and 
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I. I N T R O D U C T I O N
C he m i c a l  o c e a n o g r a p h y  is the s tudy or the o c ean as a chemical 
system. B r o ec k e r  and Peng (1982) liken c he m i c a l  o c e a n o g r a p h e r s  to 
" i nverse" c he m i c a l  e n g i ne e rs : we try to r e c o n s t r u c t  the o p e r a ti on al  
b lu e p r i n t  of the chemi c a l  p la n t  (i.e. the ocean) by q u a n t i f y i n g  i n ­
puts, o u t p u t s  and internal c o n c e n t r a t i o n s  of c h e m ic al  s u bs t a n c e s .
The m ajor s o u r c e s  (inputs) of most d i s s o l v e d  s u b s t a n c e s  are river 
water and to a less e r  e xt en t the a t m o s p h er e.  The s e d i m e n t s  are the 
largest sink (output) for most sea salt c o n s t i t u e n t s  but they are a 
s o ur ce  for other c o n s t i t u e n t s  such as n u tr ie nt s.  T h e r ef or e,  the 
study of the f l u x e s  of d i s s o l v e d  and p a r t i c u l a t e  f orms of chem i c a l  
s u b s t a n c e s  at the s e d i m e n t  s u r f a c e  is one of the c en t r a l  themes of 
chemical o c e a n o g r a p h y .  The d i a g e n e s i s  of p a r t i c u l a t e  m a tt e r  that 
f alls to the s e d i m e n t s  d e t e r m i n e s  the fluxes. S e d i m e n t  g e o c h e m i s t s  
m e as ur e p r o f i l e s  of d i s s o l v e d  and p a r t i c u l a t e  s u b s t a n c e s  in s e d i m e n t s  
in order to make c o n c l u s i o n s  a b o u t  f l u x e s  and d i a g e n e t i c  r e a ct io ns . 
The c o n c l u s i o n s  are based on the p r o f i l e s  and some a s su me d model of 
how the s e d i me nt  w o r k s  as a c h e m i c a l  system.
Most m o d e l e r s  of c o n c e n t r a t i o n  p r o f i l e s  in s e d i m e n t s  a s su me  that 
the pore w at e r s  are q u i e s c e n t  and that m o l e c u l a r  d i f f u s i o n  is the 
only s i g n i f i c a n t  t r a n s p o r t  m e c h a n i s m  for d i s s o l v e d  c o mp on e n t s .  This 
may be a r e s u l t  of the lack of t i m e - s e r i e s  d a t a  of m e a s u r e d  p ro f i l e s .  
However, s t u di es  have s hown that t r a n s p o r t  by s t e a d y  a d v e c t i o n  of 
pore w at e rs  can be g r e at er  than d i f f u s i v e  t r a ns po rt . T h e r ef or e,  the 
p o s s i b i l i t y  of n o n s t e a d y  a d v e c t i o n  w hich leads to s i g n i f i c a n t
I
t r a n s p o r t  is not so remote. Indeed, s t u d i e s  o-f t i m e - d e p e n d e n t  c o n ­
c e n t r a t i o n  p r o f i l e s  s u g g e s t  that p e n e t r a t i v e  c o n v e c t i o n  o c c u r s  in the 
upper s e d i m e n t s  due to t e m p o r a r y  i n c r e a s e s  in the d e n s i t y  of b ot to m 
water. The d y n a m i c  t h e o r y  of p e n e t r a t i v e  c o n v e c t i o n  has not been 
a p pl ie d to the p o s s i b i l i t y  of p e n e t r a t i v e  c o n v e c t i o n  in s e d i m e n t s  or 
to the i n c r e a s e d  t r a n s p o r t  of s o l u t e s  when p e n e t r a t i v e  c o n v e c t i o n  
occurs. In an a t te mp t to i l l u s t r a t e  the p r o c e s s  of p e n e t r a t i v e  c o n ­
vection, I m e a s u r e d  t i m e - d e p e n d e n t  p r o f i l e s  of t e m p e r a t u r e s  in f r e s h ­
water s ed i m e n t s .  I found that non s t e a d y  a d v e c t i v e  t ra n s p o r t  was 
s o m e t i m e s  s i g n i f i c a n t  when the d e n s i t y  g r a d i e n t  was u ns t a b l e .  I 
r e la te  the o b s e r v a t i o n s  to a p r e v i o u s l y  d e v e l o p e d  t h eo ry  of p e n e t r a ­
tive c o n v e c t i o n  in p o r o u s  media.
The f o l l o w i n g  s e c ti on  t it le d " B a c k g r o u n d "  d e s c r i b e s  the m o d e l s  
used to i n t er pr et  f l u x e s  at the s e d i m e n t  s u r f a c e  and e a r l y  d i a g e n e s i s  
within the s e d i m en ts . I d i s c u s s  the a s s u m p t i o n s  that are made in 
u sing t hese models. If the a s s u m p t i o n s  do no a pp l y ,  i m pr op er  c o n c l u ­
sions about f l u x e s  and d i a g e n e t i c  r e a c t i o n s  are made. I then d i s c u s s  
s t ud ie s of s t e a d y  c o n v e c t i o n  in s e d i m e n t s .  Two c h e m ic al  s t ud i e s  
p r o v i d e  o b s e r v a t i o n s  w hich s u g g e s t  that p e n e t r a t i v e  c o n v e c t i o n  can 
o ccur in s e di m e n t s .  When s t e a d y  or p e n e t r a t i v e  c o n v e c t i o n  occurs, 
s everal c o m m o n  a s s u m p t i o n s  made in m o d e l i n g  do not apply. T hese 
a s s u m p t i o n s  lead to q u a l i t a t i v e l y  i n a c c u r a t e  c o n c l u s i o n s .  I c o n c l u d e  
this i n t r o d u c t i o n  with a d i s c u s s i o n  of my a p p r o a c h  to s t u d y i n g  p e n e ­
t r at i v e  c o n v e c t i o n  in a f r e s h - w a t e r  lake.
BtcHgrcund
In t e r s t it ia l S a l u t e  F lu x e s
D i f f u s i o n  and a d v e c t i o n  are the two p r o c e s s e s  that c o n t r i b u t e  to 
the flux of any s e d im en t p r o pe rt y.  The e x p r e s s i o n  for the flux, J ,  
of a d i s s o l v e d  c o mp o n e n t ,  C, a c ro ss  a h o r i z o n t a l  p lane in the s e d i ­
ment IS!
J= -(08+0..e ) + *<Di + Ds> — • + * wC 1V Z 7 2
w h e r e  J  is the v er t i c a l  flux; C is the mass of d i s s o l v e d  c o m p o n e n t  
per unit v o lu me  of pore water; 0 B , D M C , Ds and Di are the b i o d i f f u ­
sion, wave and c ur r e n t  m i xi ng , m o l e c u l a r  d i f f u s i o n  and b i o i r r i g a t i o n  
c o e f f i c i e n t s ,  r e s p e c t i v e l y ;  0 is the p o r o si ty ; w is the vertical 
water flew v e l o c i t y  r e l a t i v e  to s e d i m e n t  s o lid p a r ti cl es ; and z is 
the v e rt i c a l  d i s t a n c e  m e a s u r e d  f r o m  the s e d i m e n t - w a t e r  i n t erface. (I 
have used the n o t a t i o n  f ro m  B e r n e r  [19803, w h i c h  shou l d  be c o n s u l t e d  
for a c o m p r e h e n s i v e  d i s c u s s i o n  of the e q u a t i o n s  for flux and d i a g e n e ­
sis.) When the terms are e v a l u a t e d  at the s e d i m e n t - w a t e r  i n te r f a c e ,  
this e q u a t i o n  g i v e s  the i n t e r f a c i a l  flux, w h i ch  can c o n t r i b u t e  s i g ­
n i f i c a n t l y  to the b u d g e t s  of d i s s o l v e d  c h em i c a l  c o m p o n e n t s  in the 
o v e r l y i n g  water (e.g., S a yl e s ,  1979). The “ 0" t e r m s  r e p r e s e n t  f l ux es  
due to m ix i n g  or m o l e c u l a r  d if fu s i o n .  Ds is the m o l e c u l a r  d i f f u s i o n  
c o e f f i c i e n t  of the d i s s o l v e d  c o m p o n e n t  in w at e r  c o r r e c t e d  far t o r t u ­
osity and ionic effects. The o th e r  mixi n g  t e r ms  are s i g n i f i c a n t  only 
in the upper s e d i m e n t s  (tens of c e n t i m e te rs ) in s h a l l o w  w at er s w h e r e  
m a c r o f a u n a  a bo u n d  and s t r o n g  b o t t o m  c u r r e n t s  exist. The b i od i f -
■fusion, wave and c ur r e n t  m i x ing, and b i o i r r i g a t i a n  t e r m s  p ar a m e -  
t e r i 2 e , r e s p e c t i v e l y :  pore w ater m ix in g c a u s e d  by m a cr of a u n a l  r e ­
w o rk i n g of s e di m e n t s ,  s e d i m e n t  s t i r r i n g  due to s hear s t r e s s e s  e xe r t e d  
by high b o t t o m - w a t e r  v e l o c i t i e s ,  and m a c r o f a u n a l  f l u s h in g t hr o u g h  
b u r r o w s  open to the o v e r l y i n g  s e a wa te r.  T he s e  m i x i n g  p r o c a s s e s  are 
f o r m u l a t e d  s i m i l a r l y  to m o l e c u l a r  d i f f u s i o n  for m a t n e m a t i c a l  e x p e d i ­
ency and b e c a u s e  they r e a l i s t i c a l l y  model o b s e r v e d  c o n c e n t r a t i o n  
profiles.
The last term in e q u a t i o n  1 is the a d v e c t i v e  term. The r e l a t i v e  
m a g n i t u d e  of the a d v e c t i v e  term c o m p a r e d  to the d i f f u s i o n  term is 
e s t i m a t e d  by the d i m e n s i o n l e s s  P e c l e t  n u mber L W / 0 S , w h e re  L is the 
s c ale l e ngth for the p r o c e s s  u nd e r  c o n s i d e r a t i o n  and H is the v e l o c i ­
ty of the p o r e  water. When the P e c l e t  n um be r is <<1 d i f f u s i o n  d o m i ­
nates the flux and when the P e cl et  n u m b e r  is >>1 a d v e c t i o n  d o m i n at es . 
(Note that B er n e r  C 1990 3 d e f i n e s  the P ec le t n u m b e r  as D s / L H  w hich is 
the i n ve r s e  of the a bo v e  e x p r e s s i o n .  The d e f i n i t i o n  that I have useq 
is that used in f l u i d  m ec ha n i c s . )  For v al ue s c l os e to 1, both p r o ­
c es se s are s i g n i f i c a n t .  Most w o r k e r s  in s e d i m e n t  g e o c h e m i s t r y  h av e  
as s umed that the main c o n t r i b u t i o n  to the v e l o c i t y  is the r e l a t i v e  
mo tion of the p o r e  water when the s e d i m e n t - w a t e r  i n t e r f a c e  is taken 
as the orig i n  (instead of a f i xed layer that is b ur ie d as more 
mate r i a l  a c c u m u l a t e s  at the s e d i m e n t - w a t e r  i n te rf a c e ) .  This c o m p o ­
nent of the v e l o c i t y  is p r o p o r t i o n a l  to the r a t e  of s e d i m e n t a t i o n .
In most c a s e s  the P e c l e t  n um be r is small, w hich i n d i c a t e s  that the
a d v e c t i v e  term .nay be u n i m p o r t a n t .  On a n o t a b l e  e x c e p t i o n  is the 
a d v e c t i v e  t r a n s p o r t  o-f N a *, due to burial, w hi c h  is 25-30'/. of the 
d i f f u s i v e  flux from d e e p - s e a  s e d i m e n t s  and o p p o s e s  the d i f f u s i v e  flux 
(Saylss, 1977).
The D i a g e n a t i c  E q u a t i on
The d i a g e n e t i c  e q u a t i o n  for d i s s o l v e d  s u b s t a n c e s  (2) e q u a t a s  the
9 U C )  9 J  2
at Sz
time r at e  of c h a n g e  of s o l u t e  c o n c e n t r a t i o n  to r e a c t i o n  t e rms i n ­
v o lv in g the s o lu te  and to the g r a d i e n t  of the verti c a l  flux (£(? is 
the sum of all d i a g e n e t i c  r e a c t i o n s  i n v o l v i n g  C). This e q u a t i o n  is 
r ea ll y  a c o n s e r v a t i o n  e q u a t i o n  for the solute. It d e s c r i b e s  m a t h e ­
m a t i c a l l y  the c o n c e n t r a t i o n  of a s o l u t e  in t i m e  and space, and oro- 
v id e s  a r i g o r o u s  f o r m u l a t i o n  of e a r l y d i a g e n e s i s  for a n a l y z i n g  and 
u n d e r s t a n d i n g  the s ol u t e  d i s t r i b u t i o n s  in the s e di m e n t s .  The f or m  of 
this e q u a t i o n  i mp l i e s  that the s o l u t e  c o n c e n t r a t i o n  is not a f u nc ti on  
of the h or iz o n t a l  d i m e n s i o n s .  This is u s u a l l y  a good a s s u m p t i o n  
b e c a u s e  lateral g r a d i e n t s  are n e g l i b l e  over h o r i z o n t a l  s ca le s e q u i v a ­
lent to the d e p th  of i nt e r e s t .  This a s s u m p t i o n  may be i n v al id  if 
c o n v e c t i o n  is o c c u r ri n g.
When o b t a i n i n g  v a lu es  for p a r a m e t e r s  (e.g., d i f f u s i o n  c o e f f i ­
cient, v e rt i c a l  v e l o ci t y,  r a t e  c o n s t a n t s  for r e a c ti on ) from m e a s u r e d  
p r of i l e s ,  the a s su m e d  form of the d i a g e n e t i c  e q u a t i o n  is very i m p o r ­
tant b e c a u s e  r e a s o n a b l e  p r o f i l e s  are o b t a i n e d  f r o m  d i s p a r a t e  models.
6L a rm an  (1975) m o d e l s  the d i s t r i b u t i o n s  of M g * 2 and C a * 2 in pore 
w a te r s  from the deep sea a s s u m i n g  d e p t h - i n d e p e n d e n t  m o l e c u l a r  d i f f u -  
s i vities. From m e a s u r e d  c o n c e n t r a t i o n s  he o b t a i n s  rate c o n s t a n t s  for 
mineral r e a c t i o n s  i nv o l v i n g  C a * 2 and M g * 2 . In c on t r a s t ,  McDuff and 
S i e s k e s  (1976) model the s am e  m e a s u r e d  d i s t r i b u t i o n s  a s s u m in g v a r i a ­
ble d i f f u s i v i t i e s  and show that r e a c t i o n  t er m s  are not n e ce s s a r y .  
S a y l e s  and J e n k i n s  (1992) a t t r i b u t e  c u r v a t u r e  of C a * 2 p r o f i l e s  to 
a d v e c t i o n  of p or e  w a t e r s  in the e as t e r n  e qu at o r i a l  Pacific. The 
e x p on e n t i a l  d i s t r i b u t i o n s  of 4 H e / 3 He in pore w a t e r s  p r o v i d e  the 
e v i d e n c e  for the a d v e c t i o n  of pore waters. H o w ev er , linear d i s t r i b u -  
tions d e s c r i b e  the h el iu m data if the e r ro rs  in the m e a s u r e d  i so t o p i c  
r a t io  of h e l i u m  are c o n s i d e r e d .  In this case the c u r v a t u r e  in the 
C a * 2 p r o f i l e s  w ould be e n t i r e l y  due to r e ac t i o n .  (Sayles and J en k i n s  
c o n f i r m  the a b s e n c e  of r e a c t i o n  u sing mass b a l a n c e  c o n s t r a i n t s . )  
le rman (1975) s h ows that the z e r o - o r d e r  d i s s o l u t i o n  t er m  and the 
f i r s t - o r d e r  r a t e  c o n s t a n t  for C a * 2 and M g ” 2 in d e e p - s e a  s e d i m e n t s  
o b t a i n e d  from o b s e r v e d  p r o f i l e s  are s i g n i f i c a n t l y  d i f f e r e n t  when his 
model i n c l u de s a d v e c t i o n  due to burial of pore water.
The most u b i q u i t o u s  a s s u m p t i o n  in m o d e l i n g  the c h e m i s t r y  of pora 
w a t e r s  is s t e a d y - s t a t e  d i a g e n e s i s .  C u r v a t u r e  in s ol ut e p r o f i l e s  due 
to t i m e - d e p e n d e n t  c o n c e n t r a t i o n s  in the o v e r l y i n g  w ater (Matisoff, 
1980) can be m i s i n t e r p r e t e d  as due to r e a c t i o n  if the d i s t r i b u t i o n  is 
only s a mp le d o n c e  and one a s s u m e s  s t e a d y - s t a t e  di agen e a i  s.
I have d o c u m e n t e d  the i m p o r t a n c e  of the a ss u m e d  form of the
d i a g e n e t i c  e q u a t i o n  and h a v e  pressr.ted two c o m m o n  a s s u m p t i o n s  that 
affect the form: n e g l i g i b l e  a d v e c t i o n  of pore w a te rs  and s t eady 
state. Impl i c i t  in the form of e q u a t i o n  (2) is a third a s s u m p t i o n  of 
n e g l i g i b l e  lateral g r a d i e nt s.  I now a dd r e s s  e v i d e n c e  for the n o na o-  
p l i c a b i l i t y  of t h e se  a s s u m p t i o n s .  In the next s u b se ct  ion I cits 
several e x a m p l e s  of s t e a d y - s t a t e  p r o c e s s e s  that do not p er m i t  the 
last two a ss um pt io ns .
S te a d y  C o n v e c t i o n
The d i s c r e p a n c y  b e tw e e n  the use of the word c o n v e c t i o n  by o c e a ­
n o g r a p h e r s  and fluid d y n a m i c i s t s  r e q u i r e s  d e f i n i t i o n  of several terms 
to avoid a mb i g u i t y .  I will use c o n v e c t i o n  to mean m ot i o n  c au s e d  by 
a r b i t r a r y  forces; free c o n v e c t i o n ,  m o ti on  c a u s e d  by b u o y a n c y  forces; 
and f or c e d  c o n v e c t i o n ,  m o t i o n  c a u s e d  by g r a d i e n t s  in p r e s s u r e  and 
e l e v a t i o n  head. P e n e t r a t i v e  c o n v e c t i o n  d e s c r i b e s  the t i m e - d e p e n d e n t  
p e n e t r a t i o n  of a f r ee ly  c a n v e c t i n g  layer into a stable, q u i e s c e n t  
1 a v e r .
In most s e di m e n t s ,  a d v e c t i o n  due to burial is not s i g n i f i c a n t  
c o m p a r e d  to d i f f u s i o n ,  but a d v e c t i o n  due to s t e a d y  free or f or c e d  
c o n v e c t i o n  can lead to a l arge P e cl et  n um b e r  (>1). Riedl e t  a l  
(1972) m e a s u r e d  v e l o c i t i e s  of pore w a t e r s  in s ub t i d a l  s e d i m e n t s  
(water d ep t h s  0 . 1 5 - 1 . 0  m) and show that a f l u c t u a t i n g  c o m p o n e n t  had 
the s am e  f r e q u e n c y  as the s u r f a c e  waves. (I d i s c u s s  w a v e - i n d u c e d  
m o tion in this s e ct io n on s t ea dy  c o n v e c t i o n  b e c a u s e  a s t ea dy  s ta t e  is 
o b t a i n e d  after a v e r a g i n g  the d i a g e n e t i c  e q u a t i o n  over one wave
period,) The o b s e r v e d  a t ta n t u a u i  on of the vertical c o m p o n e n t  with 
s e di me nt  d epth c o n f i r m s  t h eo ry  of the wave i n f l u e n c e  on water e x ­
c h a n g e  in s e d i m e n t s  (Putnam, 1949), Riadl et a I ( 1972) use a t he or y 
s i mi la r to P u t n a m ' s  to c a l c u l a t e  the a m ount of water f i lt e r e d  t hr o u g h  
the s e d i m e n t s  due to wave action. They e s t i m a t e  that the amount of 
w ater f i l t e re d,  which is m o s t l y  c o n f i n e d  to the s ha ll ow  shelves, is 
o n e - t h i r d  the s e a w at er  e v a p o r a t e d  from the w o r l d ' s  oceans. H a r r i s o n  
et ai (1983) p r e s e n t  a f o r m u l a t i o n  for the d i a g e n e t i c  e q u a t i o n  w h ich 
i n cl u d e s  r e a c t i o n  terms and m e ch a n i c a l  d i s p e r s i o n  e f f e c t s  due to 
w a v e - i n d u c e d  v e l o c i t i e s  of pore waters. U nder c er t a i n  c i r c u m s t a n c e s  
the e f fe c t  of w a v e - i n d u c e d  m ot i o n  e nt er s the d i a g e n e t i c  e q u a ti on  as 
an e f f e c t i v e  d i f f u s i v i t y  w h i c h  is a f u n c t i o n  of s e d i m e n t  p r o p e r t i e s ,  
w a v e  s ta t e  and w ater depth. This e f f e c t i v e  d i f f u s i v i t y  is s i m il ar  to 
in e q u a t io n (1), but it is a t en s o r  q u a nt it y.  They e s t i m a t e  that 
the i n c r e a s e  in u n i d i r e c t i o n a l  t r a n s p o r t  on the e a st e r n  shelf of the 
U nit e d  S ta t e s  is g r ea te r thjn one. V a n d e r b o r g h t  et ai (1977) p r es e n t  
e v i d e n c e  for w a v e - i n d u c e d  m o t i o n  from p r o f i l e s  of d i s s o l v e d  silica, 
n i t r a t e ,  a m m o n i u m  and s u l f a t e  in muddy, s h a l l o w  (20 a) s e d im en ts , but 
the p o s s i b i l i t y  of s t i r r i n g  of the w ho l e  s e d i m e n t  w e a k e n s  their 
a r g u m e n t .
F o rc ed  c o n v e c t i o n  due to s u b m a r i n e  g r c u n d - w a t e r  d i s c h a r g e  o cc ur s 
in coastal a reas w h e r e  f r e s h - w a t e r  a q u i f e r s  i n t e r s e c t  the sea t h r o u g h  
p e r m e a b l e  s e d i m e n t s  and the head is a b o v e sea level (Johannes, 1980). 
H o m o g e n e o u s  u n c o n f i n e d  a q u i f e r s  d i s c h a r g e  in a n a r r o w  n e a r - s h o r e  
zone; S o k u n i e w i s c z  ( 1980) r e p o r t s  that 4 0 ’/. to 98X of the d i s c h a r g e
9o c cu rs  w i th in  100 m o-f s h o r e  in the G re a t  S ou t h  Bay, New York. 
Howe v e r ,  con-fined (artesian) a q u i f e r s  can c o n n e c t  with the s e a -f lo or  
at any d i s t a n c e  -from the shore; M a n h e i m  and S a y l e s  (1974) report 
b r a c k i sh  a q u i f e r s  120 km offs h o r e .
S t e ady, free c o n v e c t i o n  o c cu rs  near s p r e a d i n g  c en t e r s  in the 
deep sea and a b o v e s u b s e a  p e r m a f r o s t  on the A r ct ic  c oa s t  due to deep 
s o u r c e s  of heat and fresh water, r e s p e c t i v e l y .  P r o f i l e s  of * H e / 3 He 
and of Ca + 2 yield v e l o c i t i e s  of 6 . 4 X 1 0 -9 m s _l (.20 m yr-1) in the 
e q ua t o r i a l  East P a c if ic  (Sayles and J e n k i n s ,  1982). H a r r i s o n  and 
Q s t e r k a m p  (1978) show that f re e  c o n v e c t i o n  must be o c c u r i n g  b e t we en
i
the sediraent-water i n t e r f a c e  and the top of the s u b s e a  p e r m a f r o s t  (40 
s) b e c a u s e  d i f f u s i o n  of salt from the o v e r l y i n g  b o t t o m  w a te r s  to the 
p e r m a f r o s t  is too slow to a c co u n t  for the p e r m a f r o s t  t ha wi ng  rate.
The free c o n v e c t i o n  is d r i v e n  by b u o y a n c y  c r e a t e d  by m e l t i n g  of the 
p e r m a f r o s t  w hich r e l e a s e s  fresh water into the s a lt i e r ,  h ea v i e r  pore 
w a t e r .
C l e ar ly , a d v e c t i v e  t r a n s p o r t  of s o l u t e s  can be s i g n i f i c a n t  in 
some s e d i m e n t s .  S t e ady, l i n ear, free c o n v e c t i o n  i mp a r t s  h or iz o n t a l  
h e t e r o g e n e i t y  on length s c al es  of the order of the d ep t h  of u n c o n ­
s o l i d a t e d  sedi m e n t .  L at e r a l  g r a d i e n t s  in v e r t i ca l v e l o c i t i e s  near 
areas of g r o u n d - w a t e r  d i s c h a r g e  also impart h o r i z o n t a l  h e t e r o g e n e i t y  
in c o n c e n t r a t i o n  prof i l e s .  The form of the d i a g e n e t i c  e q u a t i o n  must 
r e fl e c t  the a dded d i m e n s i o n a l i t y  when m o d e l i n g  s o lu te  d i s t r i b u t i o n s  
over the w ho l e  s e d i m e n t  depth. When c o n s i d e r i n g  c o n c e n t r a t i o n  p r o ­
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files in the u p per s ed i m e n t s ,  one can u s u a l l y  a ss um e local a b s e n c e  of 
h o r iz o n ta l g r a d i e n t s  if the d epth of i n te re st  is much less than the 
width of a c o n v e c t i o n  call. S a y l e s  and J e n k i n s  (1982) make this 
a s s u m p t i o n  i m p l i ci tl y.  They r e p c r t  p r o f i l e s  to 1 m w h er e a s  the w idth 
of c o n v e c t i v e  c e l l s are p r o b a b l y  the same o r d e r  of m a g n i t u d e  as the 
depth of the ceils. T hese c e l ls  s h o u l d  e xt en d to the b a s a l t  b a s e m e n t  
at 600 m (P o l d e r v a a r t , 1955).
S o l u t i o n  of the e q u a t i o n s  for the d y n a m i c s  of s t ea dy  c o n v e c t i o n  
y i e ld s the t i m e - i n d e p e n d e n t  v e l o c i t y  field. Once the v e l o c i t y  field 
is known, one s ol ve s the d i a g e n e t i c  e q u a t i on  to o bt a i n  the s o l u t e  
d i s t r i b u t i o n ,  from w hich f lu xe s are c o mp u t e d .  H o w e ve r,  the v e l o c i ­
ties are t i m e - d e p e n d e n t  in a c o n v e c t i n g  layer that p e n e t r a t e s  a 
s t a b l e  layer and no s t u d i e s  h av e  a d d r e s s e d  this t i m e - d e p e n d e n t  v e ­
locity field and its e ff e c t  on the d i a g e n e t i c  e q ua t i o n .  The e x a m p l e s  
in the next s e ct i o n  show that p e n e t r a t i v e  c o n v e c t i o n  may occur and 
i n d i c a t e  the s p a c e and time s ca le s of the process.
C h e m i c al  E v i d e n c e  for P e n e t r a t i v e  C o n v e c t i o n
Two s t u d i e s  of c o n c e n t r a t i o n  p r o f i l e s  s u g g e s t  that p e n e t r a t i v e  
c o n v e c t i o n  due to i n c r e a s e s  in b o t t o m - w a t e r  d e n s i t y  c au se  t e m p o r a l  
c h a n g e s  in s o l u t e  p r o f il es . T h o r s t e n s o n  and M a c k e n z i e  (1974) r e p o r t  
s u m m e r  and w in te r p r o f i l e s  of p o r e - w a t e r  a m m o n i u m ,  s u l f id e,  pH and 
t i t r a t i o n  a l k a l i n i t y  f ro m  D e v i l ' s  Hole, H a r r i n g t o n  Sound, Berm u d a .  
They c a n n o t  e x pl ai n the s t r i k i n g  h o m o g e n e i t y  in the u p per 60 cm of 
the w i n t e r  p r o f i l e s  with the p r o c e s s e s  of d i f f u s i o n ,  r e a ct io n,  bio-
t u r b a t i o n  n r  v a r i a t i o n s  in g r o u n d - w a t e r  d i s ch ar ge . Citi n g  a study 0 / 
Clark (1973), they s u g g e s t  that c o n v e c t i o n  and wind mixi n g  in the 
fall c a u s e d  the summer t h e r m o c l i n e  in the w ater c o lu mn  to d e ep en  and 
then i n t er se ct  the bottom. This i n d u c e d  the s u b s e q u e n t  m ot i o n  of
pore w a t e r s  in the s e di m e n t s .
H e s s i e i n  (1980) p r e s e n t s  s i mi la r e v i d e n c e  of i n c r ea se d t r a n s p o r t  
of s o l u t e s  in the upper s e d i m e n t s  due to b u o y a n c y - i n d u c e d  moti o n  of 
pore water. His o b s e r v a t i o n s  are so d e f i n i t i v e  of the p r o c e s s  that I 
d e s i g n e d  an e x p e r i m e n t a l  s ys t e m  to r et u r n  to the same s e d i m en ts  to 
a d d ress the d y n a m i c s  of the p ro c e s s  and i n c r e a s e  the temporal r e s o ­
lution of o b s e r v a t i o n s .  He r e p o r t s  p r o f i l e s  of t r i t i a t e d  water in 
the s e d i m e n t s  of Lake 227, E x p e r i m e n t a l  L a k e s  Area (ELA) , Ontario, 
Canada, d ur in g the summer and fall, 1975, at w a t e r  d e p t h s  above, in 
and b e l o w  (water d e p t h s  0.75, 3.85 and 8.75 m , r e s p e c t i v e l y )  the 
summ e r  t h e r m o c l i n e  (3-4 m ) . T r i t i a t e d  water that had been inje c t e d  
into the water c o lu mn  of Lake 227 m ov e d  into the s e d i m e n t s  d u ri n g  the 
summer. He e s t i m a t e s  the d i f f u s i o n  c o e f f i c i e n t  by m a t c h i n g  c a l c u l a t e d  
with m e a s u r e d  t r i t i u m  p r o fi le s.  He o b t a i n s  the c a l c u l a t e d  p r o f i l e s  
by i n t e g r a t i n g  the d i a g e n e t i c  e q u a t i o n  (2). He f a i t h f u l l y  r e p r o d u c e s  
the S e p t e m b e r  t r i t i u m  p r o f i l e s  a bo v e  the t h e r m o c l i n e  u si n g  a d i f f u ­
s i vity of l - 2 x l 0 _<? m - s " 1 (comp a r e  to the sel f-d i f f usi on c o e f f i c i e n t  
of water, 2 . 1 X 1 0 ~ ,? m = s _ l ). In O c t ob er , the t r i t i u m  a c t i v i t y  was 
n e a r - c o n s t a n t  in the u pper 10 cm of the m e a s u r e d  p r o f i l e s  from a bo v e
and in the s u mmer t he r m o c l i n e .  The O c to b e r  p r o f i l e  f r o m  b el o w  the
t h e r m o c l i n e  did not show this b e h a vi or  (he d oe s  not r ep or t pre-
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O c t o b e r  p r o f i l e s  b elow the t h e r m o c l i n e ) .  A r e a s o n a b l e  fit to the 
me a su re d a c t i v i t y  in the p r o f i l e  at 0.75 m is not o b t a in ed  using a 
c o n s t a nt  d i f f u s i v i t y  equal to the s um m e r  value. He p r e s e n t s  a two- 
layer model with a d i f f e r e n t  d i f f u s i v i t y  in the upper 10 cm than the 
summer d i f f u s i v i t y  in the rest of the s e d i me nt . The time interval 
for i n c r e a s e d  t r i t i u m  t r a n s p o r t  is not known, b e ca u s e  his last s a m ­
pling of the t r i t i u m  p r o f i l e  b e f o r e  O ct o b e r  was one m onth prior. As 
limiting cases, he a s su m e s  the i n c r e a s e  o c c u r r e d  3 and 27 days b ef or e 
s a m p l i ng  and o bt a i n s  p r o f i l e s  that m a tc he d the data u sing d i f f u s i v i -  
ties of 5 0 x l 0 _,? m 2 s _1 and 5 X 1 0 -V a 2 s - 1 , r e s p e c t i v e l y .  F u r t h e r m o r e ,  
m e a su r e d a c t i v i t i e s  of l 3 7 Cs on the solid p h a s e shows that r e w o r k i n g  
of w h o le  s e d i me nt  by o r g a n i s m s  or by m e ch a n i c a l  m i x i n g  has not o c c u r ­
red s i n c e  d e p o si ti on . H e s s l e i n ' s  c o n c l u s i o n  is that s e d i m e n t s  a bove 
and in the t h e r m o c l i n e  were e xp o s e d  to i n c r e a s e d  t e m p e r a t u r e s  in the 
summer and w a r m e d  to the e xt e n t  that fall c o o l i n g  d e c r e a s e d  the 
t e m p e r a t u r e  at the s e d i m e n t - w a t e r  inte r f a c e .  The d e c r e a s e d  t e m p e r a ­
ture c au se d p e n e t r a t i v e  c o n v e c t i o n  to i n i t i a t e  and this i n c r e a s e d  the 
t r a n s p o r t  of t r i t i u m  in the u pper s ed i m e n t s .
Approach
A l t h o u g h  t h e se  two s t u d i e s  give c o n v i n c i n g  a r g u m e n t s  for the 
o c c u r e n c e  of p e n e t r a t i v e  c o n v e c t i o n ,  they lack e no u g h  t e m p o r a l  r e s o ­
lution to e x a m i n e  q u a l i t a t i v e l y  the p e n e t r a t i o n  of the u n s t a b l e  layer 
into the q u i e s c e n t  layer below. F u r t h e r m o r e ,  the s t u d i e s  did not 
address the d y n a m i c s  of the i n c r e a s e d  t ra n s p o r t ,  t h e o r e t i c a l l y  or
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o b s e r v a t i o n a l l y , and one c an no t use t h eir o b s e r v a t i o n s  to e s t i m a te  
q u a n t i t a t i v e l y  the i nc r e a s e d  t r a n s p o r t  in o ther s e d i m e nt  s ys t e m s  that 
e x p e r i e n c e  t e m p o r a r y  i n c r e a s e s  in b o t t o m - w a t e r  density. I p l a nn ed  to 
a o n i t o r  the p e n e t r a t i o n  o-f a c o n v e c t i n g  layer into the s ed i m e n t s  on 
time s ca l es  that would p r o v i d e  a b et te r q u a l i t a t i v e  d e s c r i p t i o n  of 
the p r o c e s s  and to m e a s u r e  the d e n s i t y  g r a d i e n t  o-f the pore w at er s so 
that the o b s e r v a t i o n s  c o u l d  be r e c o n c i l e d  with the d y na m i c s .  T h e r e ­
fore, I used i n  s i t u  p ro be s to m e a s u r e  t e m p e r a t u r e  e v ery -few c e n t i m e -  
ters into f r e s h - w a t e r  s e d i m e n t s  and s a mp le d the t e m p e r a t u r e  over 
i n t e r v a l s  less than one hour. The t e mp o r a l  c h a n g e  in t e m p e r a t u r e  is 
due only to t r a n s p o r t  p r o c e s s e s  s i n c e  t h ere are no a p p r e c i a b l e  heat 
sinks or s ou r c e s  in the s e d i m e n t s ,  and t e m p e r a t u r e  is a m e as u r e  of 
d e ns i t y  in fresh water. I r e t u r n e d  to Lake 227 for f ield s tu d i e s  
b ec a u s e  H e s s l e i n ' s  study d e f i n e d  the time of year (October) and the 
depth r an ge  (about 10 cm) of the proc e s s .  I a s s u m e d  that a s a m p l i n g  
interval of less than an hour w ou l d  s u f f i c e  to e v i d e n c e  the process. 
C h e m ic a l or r a d i o t r a c e r s  are more s e n s i t i v e  than heat to m o ti on  of 
pore w a t e r s  b e c a u s e  d i f f u s i v e  t r a n s p o r t  of s o l u t e s  is so much less 
than d i f f u s i v e  t r a n s p o r t  of heat. H ow e v e r ,  I used heat as a trac e r  
b e c a u s e  the data o b t a i n e d  was e a s i l y  p r o c e s s e d  by c o m p u t e r  w h er e a s  
c he m i c a l  or r a d i o t r a c e r s  w o u l d  i n vo l v e  p r o c e s s i n g  by e x t r a c t i o n  of 
pore w a t e r s  f o l l o w e d  by c h e m ic al  a n a ly si s,  a p r o h i b i t i v e l y  l en g t h y  
and l a b o ri us  p r o c e d u r e  when the s a m p l i n g  rate is high. F u r t h e r m o r e ,  
using an in s i t u p ro b e  o b v i a t e d  the p r o b l e m  of d i s t u r b i n g  the sedi-
m e nts by r e p e a t e d  cora samp l i n g .
II. I N S T R U M E N T A T I O N  AND D E P L O Y M E N T
In this c h ap t e r  I d is c u s s  the t ec h n i c a l  a sp e c t s  o-f the p robe 
c o n s t r u c t i o n  and c al i b r a t i o n .  I then d is c u s s  the -field site and the 
d e p l o y m e n t  of the probes.
Intruaentati on
I used a t h e r m i s t o r  in one arm of a b r i d g e  c i rc u i t  to m ea s u r e  
t e m p e r a tu re . The b ri dg e d es ig n was a c o m p r o m i s e  of the f o l l ow in g 
c riteria: m a x i m u m  r e s p o n s e  to t e m p e r a t u r e  c h a n g e s  in the r an g e  from 0 
to 20 deg C, low power c o n s u m p t i o n ,  n e g l i g i b l e  s e l f - h e a t i n g  of the 
t h e r mi st or s,  and n e a r - l i n e a r  r e s p o n s e  to t e m p e r a t u r e .  The t h e r m i s ­
tors p r o t r u d e d  t h r o u g h  the wall of a 2 .5 4  cm PVC pipe (Figure 1).
The o u tp ut  v o l t a g e s  from the b r i d g e s  were r e c o r d e d  on c a s s e t t e  tape 
by a d a t a  logger. I used Fenwal G B 3 2 J 3  g lass bead and G 8 3 2 P 6 2  g l a s s  
probe t h e r m i s t o r s  each with r e s i s t a n c e  of 3.7 kchm at the m i d - p o i n t  
t e m p e r a t u r e  (10 deg C). Tha p r od u c t  s p e c i f i c a t i o n s  i n d i c a t e  that the 
time c o n s t a n t s  of the t h e r m i s t o r s  are 4 and 22 s, r e s p e c t i v e l y .
The f ixed r e s i s t o r s  w e r e  3 . 7 4  kohm (Corning R N 5 5 D  3741F) w hich were 
c hos e n  for the low t e m p e r a t u r e  c o e f f i c i e n t  (100 ppm d e g - 1 ). I c a l c u ­
lated the m a x i m u m  t e m p e r a t u r e  o f fs et  due to s e l f - h e a t i n g  of the 
t h e r m i s t o r s  to be 0 . 0 1 5  deg C. This o ff s e t  did not p r e se nt  any 
p r o bl em s,  since most a n a l y s e s  used t e m p e r a t u r e  d i f f e r e n c e s .  The 
e f f e c t i v e  v o l t a g e  o u t p u t  of the b r i d g e s  over the 0 to 25 deg C was - 
300 to 300 mV when u si n g  the p o wer s up pl y of 2 V. The t h e r m i s t o r  
leads were s o l d e r ed  to 25 AWG p l as t i c  coat e d  w i r e  w hich were s o l d e re d
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F i g u r e  1. In s i t u  d a t a  a q u i s i t i o n  system. T h e r m i s t o r  b e a d s  were 
p o t t e d  in d r i l l e d  h o l e s in PVC p ip e  and the l e a d s  w e r e  w ir e d  to 
r e s i s t a n c e  b r i d g e s  at the top of the pipe. The p o l y u r e t h a n e  foam 
p r e v e n t e d  the p r o b e  from a c t i n g  as a cold finaer.
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to the r e s i s t a n c e  bridges. A c o m p a c t  c o n f i g u r a t i o n  of the three 
r e s i s t o r s  in the r e s i s t a n c e  b r i d g e s  f a c i l i t a t e d  their p l a c e me nt  just 
a bove the PVC pipe. The b ar e  p o r t i o n s  of the t h e r m i s t o r  leads and 
the r e s i s t a n c e  b ri dg es  were p a in t e d  with several coats of S c o t c h k o t e  
E l e c t r i c a l  C o a t i n g  and then c o v e r e d  with Dow C o r n i n g  3145 RTV 
adhesi v e - s e a l a n t .
I built the p ro b e  by c u tt i n g  the PVC p ip e  (0.40 m) in half along 
the axial d i m e n s i o n  and d r i l l i n g  s e v e n t e e n  3 mm h ol e s  at 1.0 to 7.5 
cm i n t e r v a l s  a long a line down the c e n t e r  of one of the halves. The 
Dow C o rn in g a d h e s i v e  held the t h e r m i s t o r s  in the h ol e s  so that at 
least I mm of the s en s i n g  e l em e n t  p r o t r u d e d  b e y o n d  the e x t e ri or  wall
of the pipe. The c o n n e c t i n g  w ir e s  to the b r i d g e  ran to the top of
the pipe t hr o u g h  the i nterior. A f t e r  the t h e r m i s t o r s  were s ec u r e d  in 
one half of the pipe, I f i l l e d  the i n te ri or  w it h  p o l y u r e t h a n e  foam 
and q u ic k l y  m ated the o ther half to the first t he r e b y  t r a p p i n g  the 
foam in the i nterior. The foam e f f e c t i v e l y  p r e v e n t e d  water from 
e n t er in g the p r o be  and c o n v e c t i n g  and it also r ed u c e d  the heat 
t r a n s p o r t  along the probe. (Appendix B d i s c u s s e s  s p u r i o u s  r e s u l t s  
o b t a i n ed  from a p r o b e  that was not f il l e d  with foam.) P l as t i c  c a b l e
ties held the two h al ve s t og e t h e r .  S tr a i n  g a u g e  c a b l e  (20 m of
B e l d e n  B 4 3 8 - 1 0 0 0  25 AWB, 4 c o nd u c t o r ,  2 pair each s hi e l d e d ,  p l as ti c 
jacketed) c o n n e c t e d  each r e s i s t a n c e  b r id ge  to a j u nc t i o n  box at the 
water surface. The j u n ct io n box c o n t a i n e d  t hr ee  Gel Cell GC 280 2 V, 
8 a m p-hr b a t t e r i e s  c o n n e c t e d  in p a r a l l e l  w hich p r o v i d e d  the p ower to 
the r e s i s t a n c e  bridges. A c o n s ta nt  v o l ta ge  s o u r c e  p o we re d by the
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b a t t e r i e s  and s te p p e d  down to 300 mV p r o v i d e d  a c o n s t a n t  v o lt ag e that 
could be m o n i t o r e d  by one channel of the data logger for c h an ge s in 
the gain of the data l o g g e r ' s  A/D c o n v e r te r.  A no t h e r  channel m o n i ­
tored the s u pp ly  v o l t a g e  for the r e s i s t a n c e  bridg e s .  The t e m p e r a t u r e  
c o n v e r s i o n  s o f t w a r e  used the c h a n g e s  in t h ese c h a n n e l s  to c om p u t e  
c o r r e c t i o n  factors. Term i n a l  s t ri ps  in the j u n ct io n box c on n e c t e d  
the p o w e r  to the c a bl es  l e a di ng  to the r e s i s t a n c e  b r i d g e s  and c o n ­
n e cted the o u t p u t  v o lt a g e  from the r e s i s t a n c e  b ri d g e s  to the data 
logger leads.
A Datel D2 Data L og g e r ,  m o d i f i e d  to acce p t  from -300 to +300 mV 
full range, r e c o r d e d  the o ut pu t v o l t a g e s  from all b r i d g e  c i r c u i t s  on 
each of t h r e e  p r o b e s  e very 5 minutes. The l o gger c ould a c cept up to 
64 d i f f e r e n t i a l  inpu t s  at i n t e r v a l s  as short as 11 s. The c a s s e t t e  
tapes were read by a Datel DL 2R C a s s e t t e  R ea de r and the data was 
t r a n s f e r r e d  by a H P- 8 5  to the UACN HIS 6 6 / 2 0  c o m p u t e r  for p r o c e s s i n g  
and analysis.
Calibration
I c a l i b r a t e d  the e n t i r e  data a c q u i s i t i o n  s ys te m in a r e v e r s i n g  
t h e r m o m e t e r  c a l i b r a t i o n  b a t h  at the N o r t h w e s t  R e g i o na l C a l i b r a t i o n  
Center, B e l l ev ue , W a sh in g t o n .  A c a l i b r a t e d  p l a t i n u m  r e s i s t a n c e  t h e r ­
m o me te r m e a s u r e d  the bath t e m p e r a t u r e  a c c u r a t e l y  to 0.001 deg C. The 
r e a d in gs  of the bath t e m p e r a t u r e s  at 2 deg i n t e r v a l s  from 0 to 20 deg 
C f it t e d  to third and f o ur th  o r der p o l y n o m i a l s  i n d i c a t e d  that no 
a d d i t io na l v a r i a n c e  was r e m o v e d  by using a q u a r t i c  term in the re-
19
g ression. The 12 bit data logger l i m i t e d  the p r e c i s i o n  of the t e m ­
p e r a t u r e  m e a s u r e m e n t  to 1 part in 4096 which is e q u i v a l e n t  to 0 .006 
deg over the 25 deg r a n g e  of the d a t a  a c q u i s i t i o n  system. I c a l c u ­
lated the mean s q u a r e  of the r e s i d u a l s  (Draper and Smith, 1981) for 
the c a l i b r a t i o n  for each t h e r m i s t o r .  The a v e r a g e  mean s q ua re  was 
4 X 1 0 ~ 3 d e g 2 (std. d ev . =  2'X10-3 d e g 2 ) w hich can be c o m p a r ed  to the 
s q u ar e of the p r e c i s i o n  of the d a t a  logger (i.e. 0 . 0 0 6 2 - 4 X l 0 ' 3 ) .
This i n d i c a t e s  that all the e rror in t e m p e r a t u r e  m e a s u r e m e n t s  was due 
to error of t r u n c a t i o n  d ur in g a n a l o g  to d i g ital c o n v er si on . I c o n s i ­
der this to be an i n d i c a t i o n  of the p r e c i s i o n  of the s y s t e m  over 
p e ri od s less than a few days. The m a x i m u m  d ri f t  in t e m p e r a t u r e  
m e a s u r e m e n t ,  as i n d i c a t e d  by r e c a l i b r a t i o n  a f ter 6 m o nt hs  at the 
f r ee zi ng  point of water, was ±0.01 deg. A f u r t h e r  test of the time 
r e s p o n s e  of the of the p r o b e i n d i c a t e d  that it took less than 60 s 
for the t e m p e r a t u r e  of the t h e r m i s t o r s  to c h a n g e  their own t e m p e r a ­
t ures 98V. of the way from their o r ig i n a l  v a l ue  to the value i m p r e s s e a  
upon them in a step change. The i n  s i t u  t e m p e r a t u r e  d i s t r i b u t i o n s  
were d i s t u r b e d  by the initial i n s e r t i o n  of the p r o b e  for less than 4 
hrs but F ig u r e s  A . 4, A . 10 and A . 12 show that a f t e r  this p e ri od  in 
s i t u  t e m p e r a t u r e s  were f a i t h f u l l y  meas u r e d .
Deployment
I p l aced t hr ee  p ro b e s  in the s e d i m e n t s  of the s o u t h w e s t  corner 
of L ak e  227. B r u n sk il l and S c h i n d l e r  (1971) d e s c r i b e  the b a t h y m e t r y  
of several of the ELA lakes, i n c l u d i n g  Lake 227 (shown in F i gu re  2),
20
S c a l e  M e t e r s  




F i g u r e  2. B a t h y m e t r i c  c h a r t  of L a k e 227. The c r o s s e s  (X) show w h e r e  
the p r o b e s  w a r e  p l a c e d  in the s e di m e n t s .
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and the g e o l o g y  of the ELA. P r e c a m b r i a n  acid g r a n i t e s  u n d a r l i e  the 
area, w hich in some p la c e s  is o v e r l a i n  by glacial drift c o mp os ed  
m ai n l y  of sand and gravel. H i l l t o p s  and hill s l o p e s  (relief is 
u s u a l l y  less than 80 m) h av e  litt l e  or no soils. Lake 227 i3 c i r c u ­
lar with a r a d i u s  at the s u r f a c e  of 150 m; the m a x i m u m  depth is 10 m. 
The s e d i m e n t s  of Lake 227 have high, n e ar ly  c o n s t a n t  p o r o s i t y  (0.96) 
and o r ga n i c  c o n t e n t  (48'/. dry w e i g h t  m e a s u r e d  by loss of w e i g h t  on
i g ni ti on  at 900 deg C) (Hesslein, 1980; B r u n s ki ll  e i  ai, 1971). The
p a r t i c l e  size d i s t r i b u t i o n  for two n e a r b y  lakes with s im i l a r  s e di me nt  
c h a r a c t e r i s t i c s  is: sand (> 5 0 /i m ) 13'/.; silt (2-50^m) 75'/.; clay (<2 pm) 
(Brunskill e t  ai, 1971). No p a r t i c l e  size data are a v a i l a b l e  far 
Lake 227.
The summ e r  t h e r m o c l i n e  is 3-4 m deep and is e s t a b l i s h e d  in early 
May ( S c h indler, 1971; S c h i n d l e r  e t  ai, 1973). The a v er a g e  t e m p e r a ­
ture from June to e arly S e p t e m b e r  in the upper m eter is 20 deg C, and 
the a v e r a g e  t e m p e r a t u r e  in the h y p o l i m n i o n  is 5 deg. The t e m p e r a t u r e  
of the e p i l i m n i o n  d e c r e a s e s  l i n e a r l y  with time f ro m  late A ug u s t  to 
late O c to be r when the lake is i s o t he rm al  at 4 deg.
The p r o b e s  w e r e  at w a t e r  d e p t h s  of 0.75, 1.25 and 1.75 m, r e ­
s p e c t i v e l y ,  in line p e r p e n d i c u l a r  to the s h ore (Figure 2). The first
p r o b e  was 15 m from s h ore and the d i s t a n c e  b e t w e e n  the p r o b e s  was 15
is. The s e d i m e n t s  were so f l o c c u l e n t  and u n c o n s o l i d a t e d  that the 
p r o b e s  w ould not stay v e rt i ca l w i t h o u t  some s u p p o r t i n g  s t r u ct ur e.  I 
built fram e s  to keep the p r o b e s  p e r p e n d i c u l a r  to the p l a n e of the 
s e d im en t s u rf ac e and p l a c e d  the p r ob es  in the s e d i m e n t s  by diving.
The c a b l e s  -from each p r o be  t ra i l e d  a long the b o t t o m  to a f l o a ti ng , 
c o v e r e d  dock w h i c h  haus e c  the d a t a  logger and j u nc t i o n  box.
III. R E S U L T S  AND A N A L Y S I S  
P lots of t e m p e r a t u r e  time s er i e s  -for each t h e r m i s t o r  depth are 
in A p p e n d i x  A (Figures A . 1- A . 2 7 ) .  Each plot s h o w s  up to 24 hrs of 
t e m p e r a t u r e s  for all f u n c t i o n i n g  t h e r m i s t o r s  in one probe. Several 
t h e r m i s t o r s  f a i l e d ,  p r e s u m a b l y  due to s h o r t i n g ,  as i n d i c a t e d  by 
e r ra ti c  t e m p e r a t u r e s ,  and the r e c o r d e d  t e m p e r a t u r e s  f r o m  t hese t h e r ­
m i s t o r s  are not shown (e.g., the t e m p e r a t u r e  at d e p t h s  of 0.10, 0.13 
and 0.16 m in p r o b e  2 on 17 Oct. are all m i s s i n g  in F i g u r e  A.l). The 
p l o t s  w hich have less than 24 hrs of data r ef l e c t  d i s c o n t i n u i t i e s  due 
to c a s s e t t e  changes. The t e m p e r a t u r e  r ange in each plot is 5 deg C.
F i g u r e  3 s hows the d a t e s  and times c ov e r e d  by each figure. 
B e g i n n i n g  about 1110, 20 Oct., all time s e ri es  were very e r r a t i c  
b e c a u s e  the f l o a t i n g  dock b r o k e loose from its m oo r i n g  and p ul l e d  the 
p r o b e s  out of the s e d i me nt s.  I r e p l a c e d  the p r o b e s  in the s e d i m e nt  
at d i f f e r e n t  t im e s  as i n d i c a t e d  in F i g u r e  3.
On 17 O c to be r,  when the p ro be s were first d e p l oy ed , the t e m p e r a ­
ture at the s h a l l o w  p r o b e  r an ge d from 7 deg at the s e d i m e n t  s u r f a c e  
to 10 deg at 0 .3 5  m (Figure 4). The t e m p e r a t u r e s  at the two d e eper 
p r o b e  sites were u n i f o r m l y  0.5 deg less at each t h e r m i s t o r  depth, 
which r e s u l te d in a n e a r - c o n s t a n t  t e m p e r a t u r e  g r a d i en t of 10 deg 
at all p r o be  sites. The t e m p e r a t u r e s  d e c r e a s e d  with time as the 
b o t t o m  water c o n t i n u e d  c o o l i n g  and by the last day that t e m p e r a t u r e s  
were r e c o r d e d  (30 October) the t e m p e r a t u r e  at the s e d i m e n t  s u r f a c e  at 
all p r o b e s  was about 4.5 deg. The t e m p e r a t u r e  g r a d i e n t s  r e m a i n e d  
a p p r o x i m a t e l y  c o n s t a nt  d ur in g this time at 10 deg m " 1 .
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F i g u r e  3. D a t e s  and tiroes c o v e r e d  by each f i g u r e  (number in the box) 
in A p p e n d i x  A. The d a s h e d  s e c t i o n s  i n d i c a t e  when the t e m p e r a t u r e s  
are un r e l i a b l e  due to the p r o b e s  m ov i n g  in and cut of the sed i men t .
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F i g u r e  4. T e m p e r a t u r e  and d e n s i t y  a n o m a l y  p r o f i l e s ,  ( De n s i t y  a n o m a ­
ly is ( p - l ) X l O 7 kg m ~ 3 , w h e r e  p is the d e n s i t y . )  The time, date and 
w ater d e p t h  for each p r o f i l e  are i n d i c a t e d  in the u p p e r c e n t e r  of 
each plat. The two d a t e s  are c i o s e  the b e g i n n i n g  and the end of the 
two w e e k s  that I m e a s u r e d  t e m p e r a t u r e s .
The d e n s i t y  d e c r e a s e d  i n t o  the s e d im en ts . I c a l c u l a t e d  d e n si ty  
■from t e m p e r a t u r e  (Kell, 1967) w hich i gn o r e s  the c o n t r i b u t i o n  of 
s o l u t e s  to t h e  density. Quay (1977) s h o w s  that d i s s o l v e d  s o l i d s  can 
s i g n i f i c a n t l y  a ff e c t  water d en s i t y  in Lake 227; the main effect in 
this c o nt e x t  w o uld be an o f fs et  in the d e n s i t y  s i n c e  all solute 
g r a d i e n t s  are a b o ve  d ep th s of 0.10 m (Hesslein, 1976). The d e ns it y 
g r a d i e n t s  would not be a f f e c t e d  b e l ow  this d e D t h .
Diffusiva Transport of Hsat
U su a l l y ,  the t e m p e r a t u r e  time s er ie s b e h a v e d  in a c c o r d a n c e  with 
d i f f u s i v e  t r a n s p o r t  of heat. T e m p e r a t u r e  v a r i a t i o n s  at d ep t h  p r o ­
g r e s s i v a  1 y d e c r e a s e d  in m a g n i t u d e  and lagged the v a r i a t i o n s  in the 
upper s e d i m en ts .  The a t t e n t u a t i o n  was f r e q u e n c y  d e p e n d e n t  so that 
the h i gh er  f r e q u e n c i e s  w er e  a t t e n u a t e d  very r a p i d l y  with depth. Thi 
b e h a v i o r  is c o n s i s t e n t  w it h  d i f f u s i v e  t r a n s p o r t  of heat (Car s l a w  and 
Jaeger, 1959) and I a t t e m p t e d  to use spec t r a l  a n a l y s i s  to o b t a i n  an 
e s t i m a t e  of the f r e q u e n c y  r e s p o n s e  f u n c t i o n  (Jen k i n s  and Watts, 
1968). The f r e q u e n c y  r e s p o n s e  f u n c t i o n  b e t w e e n  two t im e  s e ries is a 
f u n c t i o n  of the d i s t a n c e  b e t w e e n  the d ep th s of the t i m e  series, the 
d i f f u s i v i t y  and the v e l o c i t y  of the p or e  w a ter ( a ssuming a one dimen
sional system). In theo r y ,  the v e l o c i t y  and the thermal d i f f u s i v i t y
can be e s t i m a t e d  by i n v e r t i n g  the e s t i m a t e d  f r e q u e n c y  r e s p o n s e  
f u n c t i on  (Cairns, 1973; F a r me r,  1975). H o w ev er , the t e m p e r a t u r e  
v a r i a t i o n  at the s u rf a c e  was n e it h e r  l a rge e no ug h nor long e n o u g h  to 
o b t a i n  m e an i n g f u l  e s t i m a t e s  of the f r e q u e n c y  r e s p o n s e  f u n ct io n for
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d e pt hs  b e l ow  a few c e n t i m e t e r s .  O ther a p p r o a c h e s  to e s t i m a t i n g  the 
v e l o c i t i e s  and d i f f u s i v i t y  will be d e s c ri be d.
Departures fro® Purely Diffusive Heat Transport
The time s er i e s  of t e m p e r a t u r e  were the o n l y  e v i d e n c e  that I 
c ould use to look far d e p a r t u r e s  from d i f f u s i v e  heat t r a nsport.
Visual i n s p e c t i o n  of the time s e r i e s  did not reveal any o b vi ou s 
d e p a r t u r e s  from p ur e ly  d i f f u s i v e  heat t r a n s p o r t  in ®ost of the time 
s eries. A m o r e  s o p h i s t i c a t e d  a p p r o a c h  was n e e d e d  to find a d v e c t i v e  
t r a n s p o r t  of heat t hr o u g h  the u pper 35 cm for w hi c h  I had time s e ri es  
of t e m p e r a t u r e .  This a p p r o a c h  will be d e s c r i b e d  later. Visual 
i n s p e c t i o n  of the time s e r i e s  in the upper 8 cm of the s h a ll ow  p r o b e  
site r e v e a l e d  high f r e q u e n c y  (per i o d s  of 600 to 7 . 2 X 1 0 3 s) t e m p e r a ­
ture f l u c t u a t i o n s  that c o u l d not be due to d i f f u s i v e  heat t r a n s po rt . 
T hese f l u c t u a t i o n s  were s u p e r i m p o s e d  on the s l o w l y  v a ry i n g ,  q ua s i -  
diurnal f l u c t u a t i o n s  that 1 will r efer to as the low f r e q u e n c y  f l u c ­
t uat i o n s .  The next s ec t i o n  d e s c r i b e s  and a n a l y z e s  the nigh f r e q u e n c y  
f l u c t u a t i o n s  in detail. T he  s e ct i o n  t i tl e d  "Global A d v e c t i o n  of 
Heat" d e s c r i b e s  the more s o p h i s t i c a t e d  a p p r o a c h  for f i nd i n g  a d v e c t i v e  
t r a n s p o r t  of heat t hr o u g h  the u p p e r  35 cm w hi c h  I will call global 
a d v e c t i o n  of heat.
High Frequency Teaperature Fluctuations
Descr i pt i on
C l o se  e x a m i n a t i o n  of the time s er i e s  r e v e a l e d  high f r e q u e n c y  
t e m p e r a t u r e  f l u c t u a t i o n s  that were o b v i o u s l y  n o n d i f f u s i v e  in origin.
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The low -frequency t e m p e r a t u r e  f l u c t u a t i o n s  that were of d i f f u s i v e  
origin were all d e ri ve d from f l u c t u a t i o n s  at the s e di me nt  s u r fa ce  and 
they p r o p a g a t e d  into the s e d i m e n t s  with c o n c o m i t a n t  a t t e n t u a t i o n  and 
time lag. The clue to the c o n v e c t i v e  n at ur e of the n o n d i f f u s i v e  
f l u c t u a t i o n s  was that they o c c u r r e d  only b e l o w the u p per few c e n t i m e ­
ters of the sedi m e n t .  That is, t h e r e  were no f l u c t u a t i o n s  in the 
u pper few c e n t i m e t e r s  of the s e d i m e n t s  from w hi c h  the n o n d i f f u s i v e  
f l u c t u a t i o n s  c ould be deri v e d .  The high f r e q u e n c y  f l u c t u a t i o n s  o c ­
c u rr e d  only at the s h a l l o w  p r o b e site. T h e r e was a d e f i n i t e  
temporal s e q u e n c e  to the f l u c t u a t i o n s  at the s h a l l o w  p r o b e  site. 
F i gu r e s  5 a - /> show this s e q u e n c e  for the upper 8 c e n t i m e t e r s  at the 
s h al l o w  p r o b e  site. The s m o o t h n e s s  of the time s e ries at d e pt hs  
below the upper 2 c e n t i m e t e r s  of the s e d i m e n t s  is a p p a re nt  in f i gu r e s  
5a and b .  The m a x i m u m  t e m p e r a t u r e  c ha ng e b et w e e n  any two s am p l i n g  
i n t e r v a l s  at 5-8 cm was just the least s i g n i f i c a n t  bit of the data 
logger (0.006 deg). At a b o u t  1600, 24 O c t o b er , (Figure 5c) a q u a l i ­
t a ti ve  d i f f e r e n c e  in the time s er i e s  b ec am e a p p a re nt . The m ax i m u m  
c h an g e  in t e m p e r a t u r e  b et w e e n  s a m p l i n g  i n t e r v a l s  was 3 s i g n i f i c a n t  
bits (0.018 deg) and p e r i o d i c  f l u c t u a t i o n s  o c c u r r e d  with p er i o d s  of 
600 to 3 . 6 X i 0 3 s (10 o i n u t e s  to 1 hour). This was in c o n t ra st  to the 
m o n o t o n i c a l l y  v a r yi ng  ( m a n o t o n i c a l 1 y over p e r i o d s  of 4 x10* s C- 12 
hours]) t e m p e r a t u r e s  p r i o r  to this time. S o m e  of the f l u c t u a t i o n s  
o c c u r r ed  at all d e p t h s  b e t w e e n  4 and 8 cm with l it t l e  of no a t t e n t u a ­










F i g u r e  5a - h . T i m e s e r i e s  of t e m p e r a t u r e  in the u p p e r  8 c e n t i m e t e r s  
at the s h a l l o w  p r a b e  site. a and b , The s m o o t h n e s s  o-f the time 
s e r ie s at 3 to 8 c e n t i m e t e r s  was c h a r a c t e r i s t i c  at d i f f u s i v e  
t r a n s p o r t  of heat, c and d .  I n t e r m i t t e n t  t e m p e r a t u r e  f l u c t u a t i o n s  
o c c u r r e d  d u r i n g  this time at d e p t h s  from 4 to 8 c e n t i m e t e r s .  The 
b r a c k e t  in c i n d i c a t e s  an e x a m p l e  of c o h e r e n t  f l u c t u a t i o n s  at all 
d e p th s from 4 to 8 c e n t i m e t e r s .  At 700, 2o O c t o b e r ,  r e g u l a r  f l u c t u a ­
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F i g u r e  5 a - h  c o n t i n u e d .  e - h , At 600, 27 O c t o b e r ,  a high -frequency 
■fluctuation b eg an  at d e p t h s  f r o m  3 to o c e n t i m e t e r s .  F l u c t u a t i o n s  at 
8 c.n were s o m e t i m e s  c o h e r e n t  with t ho s e  at 6 cm, but w e r e 180° out ot 
p h a s e  at other t i me s  (e.g., at 2300, 23 O c t o b e r ,  f ) .
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This t y p e  of f l u c t u a t i o n  o c c u r r e d  i n t e r m i t t e n t l y  until about 700, 26 
October, (Figure 5 d )  when more r e g u l a r  f l u c t u a t i o n s  b egan to occur 
with p e r i o d s  of 5 . 4 x1 0 * s to 7 . 2 X 1 0 3 s (1.5 to 2 hours) and m ax i m u m  
a m p l i t u d e s  of - 0.07 deg. The l a rg es t a m p l i t u d e s  o c c u r r e d  in the 
time s e r i e s  at 9 cm. The a m p l i t u d e s  at d e p t h s  b e t we en  4 and 6 are 
less than at 8 cm, but t h e r e was no a p p a r e n t  time lag. This type of 
f l u c t u a t i o n s  c o n t i n u e d  with r e d u c e d  a m p l i t u d e  from 1900, 26 Octo b e r ,  
to 600, 27 O c t ob er  (Figure 5e).
A new kind of f l u c t u a t i o n  then b e gan w hi c h  was c h a r a c t e r i z e d  by 
high f r e q u e n c y  at 3-6 cm (Figure 5s). The p e r i o d  of the f l u c t u a t i o n s  
at t h e s e d e p t h s  was as s hort as 600 s (10 minut e s )  and the s a m p l i n g  
could have a l i a s e d  f l u c t u a t i o n s  with p e ri o d s  less than this. The 
f l u c t u a t i o n s  o c c u r r e d  with r e d u c e d  a m p l i t u d e s  but no time lag at 
d ep t h s  b e tw e e n  3-5 cm. T h e r e  s e emed to be some c o h e r e n c e  b e t we en  the 
time s e r ie s at 6 and 8 cm but not at all like that b et w e e n  3-8 cm. 
Indeed, at 2300, 28 O c t o b e r ,  (Figure 5 i )  the t e m p e r a t u r e  a n o m a l i e s  at 
6 and 9 cm w e r e  of the same m a g n i t u d e  but o p p o s i t e  sign. The larg e s t  
a m p l i t u d e  d u ri n g  this kind of f l u c t u a t i o n  was 0.07 deg and the m a x i ­
mum t e m p e r a t u r e  c h a n g e  b e tw e e n  s a m p l i ng  i n t e r v a l s  was 0 . 0 4 4 deg (6 
s i g n i f i c a n t  b i t s  of the d at a  logger).
A n a l y s i s  of High F r e q u e n c y  V e r ti ca l V e l o c i t y  F l u c t u a t i o n s
If the t e m p e r a t u r e  f l u c t u a t i o n s  are a s su m e d  to be due to v e r t i ­
cal v e l o c i t y  f l u c t u a t i o n s  of the p o r e  w a t ers, then the f o l l ow in g 
a p p r o a c h  can e s t i m a t e  the m a g n i t u d e  of the v e l o ci ty .
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The a m p l i t u d e  o-f 2 p e r i o d i c a l l y  v ar y i n g  v e rt ic al  v e l o c i t y  is 
r e l a t e d  to the a m p l i t u d e  of the p e r i o d i c  t e m p e r a t u r e  -fluctuation 
t h ro ug h the heat c o n s e r v a t i o n  e q u a t i o n  for a p o r o u s  m e d i u m  (3).
(pe)* 4 “  = V - ( X S V7) - (p c ) r v V7 33 t
Here, (pel* is the heat c a p a c i t y  of the s a t u r a t e d  p o r o u s  medium, T is 
the t e m p e r a t u r e ,  Xa is the thermal c o n d u c t i v i t y  of the s a tu ra te d 
medium, (p c ) ^ is the heat c a p a c i t y  of the p o r e  water and v is the 
f i l t r a t i o n  v e l o c i t y  v e c t o r  ( d is ch ar ge  per unit area). (See Cheng 
C 19 7 8 3 for the a s s u m p t i o n s  on w hich t h i s  e q ua ti on , and other e q u a ­
t ions a p p l i c a b l e  to c o n v e c t i o n  in p or o u s  media, are based.) S ince 
the g r a d i e n t s  and c u r v a t u r e  of t e m p e r a t u r e  in the lateral d i m e n s i o n s  
are n e g l i g i b l e ,  this e q u a t i o n  s i m p l i f i e s  to the one d im en si on al
3 7 ' 3 -T 37
= K - v ;
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heat t ra n s p o r t  e q u a t i o n  (4). E q u a t i o n  4 a s s u m e s  that \ B does not 
vary with depth, that K (=XB /(pc)*) can be a p p r o x i m a t e d  by the t h e r ­
mal d i f f u s i v i t y  of w ater and that ( p c > < = ( p c )*. T h es e are valid 
a s s u m p t i o n s  s in c e  the p o r o s i t y  is 0 .9 6  and c o n s t a n t  to at least 0.45 
in (Hesslein, 1980). If the f l u c t u a t i o n s  are t r ea t e d  as p e rt u r b a t i  ons 
on some s t e a d y  state, then 7 and v x can be e x p a n d e d  in a p e r t u r b a t i o n  
series, i.e. T = T o+ Ti +. ..  and s i m i l a r l y  for y,, w h e r e 7o=<7>, v x o s 0 ,  
and < > i n d i c a t e s  an a v e r a g e  over one period. The time aeri e s  i n d i ­
cates that the c h a n g e  in the a ve r a g e  t e m p e r a t u r e  is n e g l i g i b l e  so 
that 3(7,'/3t-0 and, t h e r e fo r e,  the s o lu ti on  to e q u a t i o n  4 to order
zero is 7=az+C, w h e r e C is a c o ns t a n t .  How v , i = ^ s 1 n (w t ) and equa t i o n  
4 to -first order is:
37\ .. 9aT» , ■ , . ,—r-—  = K.— :— ;—  - » a si n ( w ^ )  5
i t  « z
If v z i  is c o n s t a n t  over a s ca l e  depth, H, such that the d i m e ns io n less 
numb e r  AH / K (which is a p e r t u r b a t i o n  P e clet number) is >>1, then the 
d i f f u s i v e  term can be n e g l e c t e d  and the s o l u t io n is:
A 9
T i = ----- cos (w t ) 6
w
and the a m p l i t u d e  of the t e m p e r a t u r e  f l u c t u a t i o n  is t h e r e f o r e  A a / w .  
The time s e ries show e d  that the p e ri od  of the f l u c t u a t i o n s  varies 
from 600 s to 3 . 6 X 1 0 3 s. A s s u m i n g  the m a x i m u m  a m p l i t u d e  of 0.07 deg 
for the t e m p e r a t u r e  f l u c t u a t i o n s  and the t e m p e r a t u r e  g r ad i e n t  of 10
deg m ~ 1 , this g iv es  a r a n g e of v e l o c i t y  a m p l i t u d e s  of 1 - 7 X I 0 ~ 3 m s _ x .
U s i n g  the larger v al ue  for the v e l o c i t y  a mp li t u d e ,  the c r i te ri on  
for n e g l e c t i n g  the d i f f u s i v e  term is s a t i s f i e d  m a r g in al ly . The v al u e  
of AH/ K is about 1 if the s cale d e pth is t a ken as 0.01 m. (The 
thermal d i f f u s i v i t y  of w ater is 1 . 4 X 1 0 -7 m 2 s _l C 1 . 4 X 1 0 -3 c m 2 s - 1 ].)
I used 0.01 m as the s ca l e  d e p t h  b e c a u s e  the a m p l i t u d e s  of the 
t e m p e r a t u r e  f l u c t u a t i o n s  are s l i g h t l y  a t t e n u a t e d  over this distance. 
S i n c e  the p e r t u r b a t i o n  P e c l e t  n um be r is about 5, d i f f u s i o n  of heat 
ca nnot be ignored. H o we v e r ,  the a b o v e e s t i m a t e s  of the v e l oc it y 
f l u c t u a t i o n s  shou l d  hold over as an order of m a g n i t u d e  e s t im at e 
b ec a u s e  the p e r t u r b a t i o n  P e cl et  n u m b e r  was at least g r ea te r than 1.
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Slobal Advsction o-f Heat
The vert i c a l  v e l o c i t i e s  in a c o n v e c t i o n  cell are into or out of 
the s ed i m e n t  in areas of r e c h a r g e  or d is ch a r g e ,  r e s p ec ti ve ly . B e ­
tween the areas of d i s c h a r g e  and r ec h a r g e ,  only h o ri z o n t a l  motion 
occurs. The u n i d i r e c t i o n a l  v er t i c a l  v e l o c i t i e s  in the a reas of 
r ec ha r g e  and d i s c h a r g e  a p pr o a c h  zero at the b ot to m of the c o n v e c t i v e  
ceil. After the data was c o l l e c t e d ,  I r e a l i z e d  that the d ep t h  of the 
c o n v e c t i o n  c e lls s ho u l d  be g r ea te r than the d ep t h  of the probes.
(The a p p r o p r i a t e  t he o r y  and c a l c u l a t i o n s  are in the next c h a pter in 
the s e ct i o n  titl e d ,  " E s t i m a t i o n  of the T i m e - d e p e n d e n t  R a yl ei gh  
Numb e r " . )  T h er e f o r e ,  1 w a nt ed  to e s t i m a t e  the u n i d i r e c t i o n a l  v e r t i ­
cal v e l o c i t i e s  and their d epth d i s t r i b u t i o n  f ro m  the time s e r i e s  of 
t e m p e r a t u r e  at each p ro b e  site. I call t h e s e  v e l o c i t i e s  " g l o b a l 1 to 
d i s t i n g u i s h  them from the high f r e q u e n c y  v e l o c i t y  f l u c t u a t i o n s  which 
were d i s c u s s e d  in the p r e v i o u s  s e c ti on  and w er e  l im i t e d  to a n ar ro w 
r ange of depths.
C u r v a t u r e  of t e m p e r a t u r e  p r o f i l e s  in s e d i m e n t s  is t a ken as 
i n d i c a t i o n  of pore water m ot io n in deep sea s e d i m e n t s  (Anderson et 
ai, 1979). This i n t e r p r e t a t i o n  a s s u m e s  s t ea dy  s ta t e  so that the time 
d e r i v a t i v e  in e q u a t i o n  4 is 0 and the c u r v a t u r e  is b a l a n c e d  by the 
t e m p e r a t u r e  grad i e n t .  T e m p e r a t u r e  p r o f i l e s  from all p r ob es  showed 
some c u r v a t u r e  at some times, but some, if not all, of this c u r v a t u r e  
is b a l a n c e d  by the time d e r i v a t i v e  as well as the a d v e c t i v e  term.
The p r o p e r  a p p r o a ch  to e v a l u a t e  s u bt le  d e p a r t u r e s  f ro m  d i f f u s i v e
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t r a n s p o r t  is to e v a l u a t e  the t e rms in the heat t r a n s p o r t  e q u a t i on  1 4 ) 
and s ol v e  -for v „ .
One way to e v a l u a t e  the d e r i v a t i v e s  in e q u a t i o n  4 is to use the 
o b s e r v e d  data in -finite d i f f e r e n c e  a p p r o x i m a t i o n s  o-f the d e r i v a ti ve s.  
Beck (1963) p o i n t s  out that this m e th od  r e q u i r e s  very p r e ci se  t e m ­
p e r a t u r e  itteasurements s i n ce  e r r o r s  in m e a s u r e m e n t  are m ag n i f i e d  when 
d i f f e r e n c e s  are taken. This is p a r t i c u l a r l y  true for higher d e r i v a ­
tives. He s u g g e s t s  an i n t e g r a t i o n  of the heat t r a n s p o r t  e q ua ti on  
using o b s e r v e d  m e a s u r e m e n t s  for the initial and b o u n d a r y  c o nd i t i o n s .  
C a l c u l a t e d  t e m p e r a t u r e s  from the i n t e g r a t i o n  can then be c o m p a r ed  to 
m e as u r e d  t e m p e r a t u r e s  and the v e l o c i t i e s  (or d i f f u s i v i t y  in B e c k ' s  
study) can be a d j u s t e d  to o bt a i n  a m i n i m u m  in the mean sum of s q u ares 
of the r e si du al s.
I used this a p p r o ac h in the s e arch for v er t i c a l  v e l o c i t i e s  other 
than zero. I i n t e g r a t e d  n u m e r i c a l l y  the heat t r a n s p o r t  e q u a t io n 
using a fully impl i c i t ,  c e n t e r e d  space scheme. This m et ho d is u n c o n ­
d i t i o n a l l y  s t ab le  for any time step, is first o rder a c c u r a t e  in time 
and s e c o n d  order a c c u r a t e  in s pace (Roache, 1976). I e va l u a t e d  the 
v e l o c i t y  at each d e pth for which I had a time s er ie s of t e m p e ra tu re , 
and let the v e l o c i t y  vary l i n e a r ly  b e tw e e n  t h o s e depths. 1 used 
c o n s e r v a t i v e  d i f f e r e n c i n g  for the c o n v e c t i v e  term. The d epth i n c r e ­
ment for the i n t e g r a t i o n  was 1 cm, b e c a u s e  s m a l l e r  i n c r e m e n t s  did not 
i m p r o v e  the s o l u t i o n  to a s i g n i f i c a n t  degree. The b o u n d a r y  c o n d i ­
tions were t aken from the t e m p e r a t u r e  time s e r i e s  at the upper and 
lower d e pt hs  of a data w i n d o w  and the initial c o n d i t i o n  was taken
from the initial t e m p e r a t u r e  at each depth in the w in d o w  (Figure 6).
I used cubic s pl in e i n t e r p o l a t i o n  to s p ec if y initial t e m p e r a t u r e s  at 
d e p t h s  b e t w e e n  f u n c t i o n i n g  t h e r m i s t o r s .  The t i m e  s e ri es  at 1 cm and 
35 cm d ef i n e d  the upper and lower l i mi ts  of the data window. I used 
1 cm as the u p p e r  limit s i n c e the t h e r m i s t o r  at 0 cm c ould have been 
r e s p o n d i n g  to t e m p e r a t u r e s  in the water c ol um n if it was not s i t u at ed  
d i r e c t l y  at the s e d i m e nt  surf a c e .  The data w i n d o w  was 24 time i n c r e ­
ments long and the time i n c r e m e n t  v ar ie d from 300 to 4 . 8 X 1 0 3 s (5 to 
80 m in u t e s ) .  The d at a  w i n d o w  was m oved over s u c c e s s i v e  s e ct i o n s  of 
me a su re d t e m p e r a t u r e s .
I used the IMSL s u b r o u t i n e  ZXSSQ to s ea r c h  for the m in i m u m  mean 
sum of s q ua r e s  of the r e s i d u a l s  of the i n t e r io r p o i n t s  of the data 
window. This s u b r o u t i n e  uses the L e v e n b e r g - M a r q u a r d t  a l g or it hm  
(Draper and Smith, 1981).
The d i f f u s i v i t y  of the s a t u r a t e d  s e d i m e nt  s ho u l d  be very c lose 
to that for water ( 1 . 4 x l 0 ~ 7 m 2 s _ 1 ). I c a l c u l a t e d  the d i f f u s i v i t y  
a s s u m i ng  that the s ed i m e n t  solid p ha s e  was all i n o r g a n i c  or all o r ­
ganic a cc o r d i n g  to the equa t i o n :
X. * . \ (1-»)
K s Ar A -«______________ Q
(PC) r (pc ) , ( 1~:J ) 
w he r e  X's and (pc)'s d en ot e t h e rmal c o n d u c t i v i t i e s  and heat c a p a c i ­
ties, r e s p e c t i v e l y ;  the s u b s c r i p t s  1 and s r e p r e s e n t  the fluid p h a s e  
and solid phase, r e s p e c t i v e l y ;  0 is the p o r o si ty . C a r s l a w  and Jaeg e r  
(1959) give v a lu es  for the thermal d i f f u s i v i t i e s  and heat c ap a c i t i e s
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F i g u r e  6. Grid tor i t e r a t i v e  c a l c u l a t i o n  of d i f f u s i v i t y  u si ng  f i n i t e  
d i f f e r e n c e ,  n u m e r i c a l  model to e v a l u a t e  t e m p e r a t u r e s  at all grid 
p o i n t s  ( i n t e r s e c t i o n  of v e r t i c a l  and h o r i z o n t a l  lines). The data 
w i n d o w  was d e f i n e d  by the u p p e r  and lower b o u n d a r y  t e m p e r a t u r e s , the 
r e c o r d e d  initial t e m p e r a t u r e s  and the n u mb e r  cf t i m e  i n cr em e n t s .
of g r a n i t e  and cork. I made the a s s u m p t i o n  that t hese two m a t e ri al s 
would s erve as good a na lo gs  to the i n o rg an ic  and o r ga ni c p hase of the 
se d im en t solids. The c a l c u l a t e d  d i f f u s i v i t i e s  were 1 . 3 X 1 0 -7 
(100*/. o r g a n i c  s olid phase) and 1 . 5 X 1 0 -7 m^s" 1 (1007. i n or ga ni c solid 
phase), I used the p o r o s i t y  as given by H e s s l e i n  (1980) of 0.96. If
the actual p o r o s i t y  was as low as 0.90 then the d i f f u s i v i t i e s  are 
1.2 x 1 0 " 7 m 2 s~ 1 and 1 . 7 x 1 0 ~ 7 m 2 s " 1 . In the n u m er ic al  i n t e g r a t i o n  I 
used a v a l ue  of 1 . 5 x l 0 ~ 7 m 2 s _ l , w hich is a l i tt l e  h ig he r than the 
s e l f - d i f f u s i o n  c o e f f i c i e n t  of water, 1.4x 1 0 " '  m 2 s _ 1 .
This m e th od  of d e t e r m i n i n g  global v e l o c i t i e s  was not s a t i s f a c -  
tory. Most of the e s t i m a t e d  v e l o c i t i e s  had c o n f i d e n c e  limits, t y p i ­
c al l y  + 1 X 1 0 -7 m s ' 1 , that i n c l u de d zero. T h e s e  c o n f i d e n c e  limits 
were c a l c u l a t e d  by the m et ho d given by D r aper and S mith (1981) for 
n o n l i n e a r  r eg re s s i o n .  The c o n f i d e n c e  i n t e r v a l s  were b a sed on a 
c o n f i d e n c e  level of a p p r o x i m a t e l y  9 5 ’/. (see D r aper and Smith C1981] 
for a d i s c u s s i o n  of the a p p l i c a t i o n  of s t a t i s t i c s  of linear r e g r e s ­
sion to n on l i n e a r  r eg r e s s i o n . )  S e m e  e s t i m a t e d  v e l o c i t i e s  w e r e  as 
high as 4 X 1 0 - * m s -1 with c o n f i d e n c e  i n t e r v a l s  of t l X l O - * m s - 1 . The 
v e l o c i t i e s  for a d j a c e n t  w i n d o w s  w e r e  zero. This led to some d oubt as 
to w h et h e r  t he s e  high v e l o c i t i e s  were real. Indeed, the mean sum of
sq ua re s of r e s i d u a l s  in one c a s e  with high v e l o c i t i e s  was 2 . 8 X 1 0 -3
d e g 2 and the mean sum of s q u a r e s  of the r e s i d u a l s  when v e l o c i t e s  were 
a s s u m e d  to be zero was 3 . 4 X 1 0 " 3 d e g 2 . The s t a n d a r d  d e v i a t i o n s  b ased 
on t h e s e  mean sum of s q u a r e s  were 5 . 3 X 1 0 ' 3 and 5 . 9 X 1 0 ' 3 deg, w h i c h  
does not seem to be a s i g n i f i c a n t  d i ff e r e n c e .
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E x a m i n a t i o n  o-f the r e s i d u a l s  from such r e g r e s s i o n s  showed that 
the r e s i d u a l s  are c o r r e l a t e d  (Figure 7). S c h i s l e r  and Beck (1979) 
d is c u s s  the e ff e c t  of c o r r e l a t e d  e rr or s of the e s t i m a t i o n  of p a r a m e ­
ters and their c o n f i d e n c e  limits. They c o n c l u d e  that the e s t i m a t e d  
p a r a m e t e r s  are b i a s e d  t o. a  small d e g r e e  but that the c o n f i d e n c e  level 
is s i g n i f i c a n t l y  over e s t i ma te d.  I b e li e v e  that the c o rr e l a t e d  
r e s i d u a l s  c a u s e d  the c o n f i d e n c e  i n t e r v a l s  to be u n d e r e s t i m a t e d  and 
that any e s t i m a t e d  v e l o c i t i e s  c an no t be d i s t i n g u i s e d  from zero.
The a n a l y s i s  does i n d i c a t e  that if t here is pore water motion, 
then the global vert i c a l  v e l o c i t i e s ,  a v e r a g e d  over the time of the 
data w i n dow, were not g r ea t e r  than the g r e a t e s t  e s t i m a t e d  v e l o c i t y  of 
5 x l 0 _t> m s ~ 1 . The p r e v i o u s  a n a l y s i s  of the high f r e q u e n c y  v e l o c i t y  
f l u c t u a t i o n s  gave an a m p l i t u d e  g re a t e r  than this but the a v er ag e 
v e l o c i t y  over the time of the data w i n d o w  was zero.
A l t h ou gh  k is c o n s t r a i n e d  by H e s s l e i n ' s  o b s e r v a t i o n s  (1976) to a 
v a l ue  c l o s e to that of w a t e r ,  I used this r e g r e s s i o n  p r o c e d u r e  to 
e s t i m a t e  the thermal d i f f u s i v i t y  at the s h a l l o w  p r o b e site just to 
see how much v a r i a t i o n  w o u ld  be in the e s t i m a t e  for d i f f e r e n t  data 
windows. For ten d i f f e r e n t  windo w s ,  the a v e r a g e  was 2 . Q X 1 0 -7 +
l . Q x l O -7 m s -1 (sta n d a r d  d e v i a t i o n ) .  K n o w i n g  that the actual v a l u e 
is c l o s e  to 1 . 4 x l 0 -7 m s _1 any bias in the e s t i m a t e  was o v e r w h e l m e d  
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F i g u r e  7a-d. R e s i d u a l s  o-f r e g r e s s i o n .  a-c. R e s i d u a l s  of r e g r e s s i o n  
w ith no time a v e r a g i n g  (time i n c r e m e n t  = t>00 s [10 m i n u t e s ] ) .  The 
m a g n i t u d e s  of the r e s i d u a l s  at each t h e r m i s t o r  are r e p r e s e n t e d  by 
v e r t i c a l  sticks. The s c a l e s  are in the u p p e r  r i g h t  c o r n e r  of the 
plots. The h o r i z o n t a l  l i nes are the zero v a l u e  at each t h e r m i s t o r ;  
s t ic ks  a b o v e the line r e p r e s e n t  p o s i t i v e  r e s i d u a l s .  The w a t er  d e p t h s  
are in the u pp e r  left c or n e r  of the plots. T h e r e  w e r e  c o r r e l a t i o n s  
b e t w e e n  s u c c e s s i v e  t im e s  at any p a r t i c u l a r  t h e r m i s t o r  and b e t w e e n  
d i f f e r e n t  t h e r m i s t o r s  at any p a r t i c u l a r  time, <1. The r e s i d u a l s  were 
m o r e  c o r r e l a t e d  w he n  the t e m p e r a t u r e s  w a r e  a v e r a g e d  b e f o r e  r e g r e s s i o n  
(time i n c r e m e n t  = 4300 5 C30 m i n u t e s ] ) .
IV. D I S C U S S I O N
F r o m  H e s s l e i n ' s  s tu d y  (1980) of t r i t i a t e d  water t ra n s p o r t  in the 
upper s e d i m e n t s  of Lake 227, I had e x p e c t e d  the -following s e q u e n c e  of 
e ve n t s  to occur. Summer h e a t i n g  a b o v e  the t h e r m o c l i n e  would warm the 
b ot t o m  w at er s with which the s e d i m e n t s  would be in thermal e q u i l i b ­
rium. At the b e g i n n i n g  of a ut u m n  c oo l i n g ,  the denser, cooler w ater at 
the s e d i m e n t - w a t e r  i n t e r f a c e  would b egin to p e n e t r a t e  the s e d i m e n t s  
as an i s o t h e r m a l ,  c o n v e c t i n g  layer. This layer w ould c o n t i n u e  to 
p e n e t r a t e  the d e e per, q u i e s c e n t  s e d i m e n t s  until there was no more 
d e n s i t y  d i f f e r e n c e  b e tw e e n  the two. H e s s l e i n  o b s e r ve d that the depth 
of p e n e t r a t i o n  was 0.1 m in late October. This p r o c e s s  is q u a l i t a ­
t i ve ly  s i mi la r to the d e e p e n i n g  of the m ixed layer in o ce an s (e.g. 
D o di me ad  e t  ai, 1962; D e a r d o r f f  et ai, 1969; Farmer, 1975). I had 
h oped to m e a s u r e  the rate of p e n e t r a t i o n  and to r el at e the rate to 
the d e ns i t y  d i f f e r e n c e  in the two layers. A l t h o u g h  H e s s l e i n ' s  s tudy 
s e em e d  fair l y  d e f i n i t i v e  in a q u a l i t a t i v e  sense, my o b s e r v a t i o n s  did 
not f ol lo w the a b o v e  s e q u e n c e  of events. The only i n d i c a t i o n  that 
m ot i o n  was o c c u r r i n g  in the s e d i m e n t s  were the a p p e a r a n c e  of t e m p e r a ­
ture f l u c t u a t i o n s  that w er e  not c o n s i s t e n t  w it h  p u re ly  d i f f u s i v e  
t r a n s p o r t .
Density-driven Teaperature Fluctuations
The d en s i t y  d e c r e a s e d  into the s e d i m e n t s  d u ri n g  all the time- 
s er i e s  m e a s u r e m e n t s  (Fig u r e  4). The o b s e r v e d  t e m p e r a t u r e  f l u c t u a ­
tions are p r o b a b l y  r e la t e d  to pore water m ot io n due to b u o y a n cy
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forces. H o we ve r,  they may bs c au s e d  by other s e z h a n  i 3ms i (I) noise 
g e n e r a t e d  by the data a c q u i s i t i o n  system, and h e n c e  spur i o u s ;  (2) 
pcre w ater m ot i o n  c au s e d  by b i ol o g i c a l  p r o c e s s e s  such as bio- 
t u r b a ti on  and - i rr i g a t i o n ;  and (3) pore water c at io n due to physical 
f a rc es  other than b u o y an cy . I will d i s c u s s  the p o s s i b i l i t y  that 
these m e c h a n i s m s  caus e d  the o b s e r v e d  f l u c t u a t i o n s  b ef o r e  a d dr e s s i n g  
free c o n v e c t i o n  as h a ving some r e l a t i o n  to the f l u c tu at io ns .
I r el i e d  on the c a l i b r a t i o n  data and the l o n g - t e r m  b e h a vi or  of 
the data a c q u i s i t i o n  s y s tem, as i n d ic at ed  by the time s e ries of 
t e m p e r a tu re , to a dd r e s s  q u e s t i o n s  of n o i se  due to i n s t a b i l i t i e s  of 
the a c q u i s i t i o n  system. Any n o i s e - l i k e  error due to e l e c t r o n i c  
i n s t a b i l i t i e s  of the data logger s h ou ld  have a p p e a r e d  in all c h a n n e l s  
b e ca u s e  all input s i gn al s w er e  p r o c e s s e d  in serial mode and thus 
em p lo ye d the same c i r c u it r y.  The t e m p e r a t u r e  f l u c t u a t i o n s  o c c u r r e d  
s i m u l t a n e o u s l y  o nl y  over a few a d j a c e nt  t h e r m i s t o r s :  ths r e l a t i v e  
s t a b i l i t y  of t h e r m i s t o r s  at o t her d e p t h s  p ro ve d that the e l e c t r o n i c s  
were i n t r o d u c i n g  no s o u r c e s  of n o i s e  (and that the p r o b e  was not 
being p h y s i c a l l y  moved into or out of the s ed i m e n t ) .  Two facts 
i m p l i e d  that the f l u c t u a t i o n s  were not c au s e d  by f a i l u r e  of e l e c -  
t r o n i c s  o u t s i d e  of the d a t a  logger: (1) b e f o r e  24 O c t o be r,  f l u c t u a ­
tions in the f r e q u e n c y  r a ng e of the o b s e r ve d f l u c t u a t i o n s  did not 
occur in any channel; (2) the f l u c t u a t i o n s  in a d j a c e n t  t h e r m i s t o r s  
(5, 6 and 8 cm) w e r e  c o h e r en t.  T he r e f o r e ,  I am c o n f i d e n t  that I 
o b se rv ed  i n  s i t u  t e m p e r a t u r e  f l uc t u a t i o n s .
The f l u c t u a t i o n s  were not c a u s e d  by bulk s e d i m e n t  r e d i s t r i b u t i o n
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or i r r i g a t i o n  by infauna. Infauna, if p r e s en t,  would d is t u r b  the 
sedim e n t  solid phase; yet t h ese s e d i m e n t s  h a v e  not been r e d i s t r i b u t e d  
s ince d e p o s i t i o n  (Hesslein, 1980). The a b s e n c e  of t e m p e r a t u r e  f l u c ­
t u a t io ns  b e f o r e  25 O ct o b e r  c o r r o b o r a t e d  the a b se n c e  of infauna. I 
e l i m i n a t e d  the p o s s i b i l i t y  of b u b b i e  e b u l l i t i o n  for the same reasons.
Phys i c a l  m e c h a n i s m s  that could c a u s e  pore water m ot i o n  incl u d e  
g r o u n d  water seep a g e ,  s u r f a c e  w a v s  p h e n o m e n a  and b u o y a n c y  effects. 
Grou n d  water flow was n e g l i g i b l e  (1-2'/. of the total water input to 
the lake) due to the low reli e f  and the s c ant soil o v e r b u r d e n  
(Kennedy C 1976 3 as r e f e r e n c e d  in N e w b u r y  and B e at ty  [ 1980]). This 
was c o n s i s t e n t  with the a b s e n c e  of the f l u c t u a t i o n s  for long i n t e r ­
vals of time. In any case, I w o uld not e x p e c t  f l u c t u a t i o n s  of 
g r o u n d - w a t e r  f lo w  with the r e g u l a r i t y  or high f r e q u e n c y  of the o b ­
s e rved f l u c t u a t i o n s .  F l u c t u a t i o n s  of g r o u n d - w a t e r  flow would have 
c au s e d  t e m p e r a t u r e  f l u c t u a t i o n s  over the e nt ir e d epth of the s e d i ­
ments, which w a 5 not o bs e r v e d .  F or c e d  c o n v e c t i o n  in the s e d i m e n t s  
due to s ur f a c e  w av e s or s e i c h e s  was p r e c l u d e d  by the lack of c o h e r en t 
t e m p e r a t u r e  f l u c t u a t i o n s  t h r o u g h o u t  the u pper s e di m e n t s .
The d i s c r e p a n c y  b e t w e e n  the a n t i c i p a t e d  and the o b s e r v e d  s e ­
q u en c e  of e v e n t s  and the p o s s i b i l i t y  that the t e m p e r a t u r e  f l u c t u a ­
t ions w er e  r el a t e d  to d e n s i t y - d r i v e n  m ot i o n  n e c e s s i t a t e  a d i s c u s s i o n  
of p r e v i o u s  work on free c o n v e c t i o n  in p o r o u s  media.
Estiaation o-f th« Rayleigh Nuaber
The a n a l y si s of global v e l o c i t i e s  i n d i c a t e d  that t he r e  were no
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vert i c a l  v e l o c i t i e s  a bove 5 X 1 0 -3 m s _1 in the u p per 35 era at any o-f 
the p r o b e  sites. H e s s l e i n ' s  o b s e r v a t i o n s  lad me to b e li e v e  that 
p e n e t r a t i v e  c o n v e c t i o n  s h ould be o c c u r r i n g  in t he s e  s e d i m e nt s.  I 
e x a m i n ed  the t he or y o-f c o n v e c t i o n  in p o r o u s  m e d i a  to a d d r e s s  this 
c o n undrum.
The p o s s i b i l i t y  o-f free c o n v e c t i o n  o b l i g e s  a c o n s i d e r a t i o n  o-f 
the R a y l e i g h  n u m b e r  ( C o mb ar no u s and Bories, 1974), fia, d e f ined by
R a  =  .
Xb
w h ere K is tne h y d r a u l i c  c o n d u c t i v i t y ,  a is the thermal e xp a n s i o n  
c o e f f i c i e n t  ( = 1 Q ~ 4 d e g ' 1 ), (pc)r is the heat c a p a c i t y  of the i n t e r ­
stitial water, X a is the bulk ther m a l  c o n d u c t i v i t y  c o e f f i c i e n t  of the 
s a t u r a t e d  p o r o u s  medium, and M and AT are the s cale d epth and t e m ­
p e r a t u r e  d i f f e r e n c e ,  r e s p e c t i v e l y .  This d i m e n s i o n l e s s  n um b e r  is a 
m ea s u r e  of the r a t i o of the d e s t a b i l i z i n g  b u o y a n c y  f orce to the 
s t a b i l i z i n g  p r o c e s s  of d i f f us io n.  A c c o r d i n g  to t he o r y  and l a b o r a t o r y  
e x p e r i m e n t s ,  the thermal R a y l e i g h  n um b e r  must e xc ee d a critical v alue 
b e fo re  the m o t i o n s  indu c e d  by small h or i z o n t a l  t e m p e r a t u r e  p e r t u r b a ­
tions can m a i n t a i n  free c o n v e ct io n.  The c ri t i c a l  value, /?ae , is 27.1 
, w h ich N ield (1968) d e r i v e s  a s s u m i n g  a s a t u r a t e d ,  p a r o u s  m e d i u m  of 
depth H b o un de d  a b o v e by p e r m e a b l e ,  i s o t h er ma l and b e lo w by i m p e r m e a ­
ble, i s o t h er ma l b o u n d a r i e s  a cr os s w hich a d e s t a b i l i z i n g  t e m p e r a t u r e  
d if fe re n ce , t T , is imposed. The e q u a t i o n  of s t a te  r e l a t i n g  d en si ty  
to t e m p e r a t u r e  is linear and the s y st em  is a ss u m e d  to be time i n d e ­
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pendent. P er i o d  i c b o u n d a r y  ccnditior. s (C h n u c n  and C a l t i g ir on e,
1979), or n o n h o m c g e n e o u s  (Green and F r a e hi ll , 1969) or a n i s o t r o p i c
(Kv e r n v o l d  and Tyvand, 1979) p or ou s m e d i u m  can all act to r ed uc e the
critical R a y l e i g h  number, a l t h o u g h  p r o b a b l y  not by a -factor o-f 10, 
even if in c o m b i n a t i o n .  Near the m a x i m u m  d e n s i t y  of water at 4 deg 
C, the d e ns i t y  is a q u a d r a t i c  f u n c t i o n  of t em p e r a t u r e .  Wu et ai 
(197?) show that the c r i ti ca l R a y l e i g h  numb e r  for s y s te ms  near 4 deg 
is w it h in  5'/. of the a b ove crit i c a l  v a l u e if the 4 deg i s o th er m is 
near the upper boun d a r y .  As F i g u r e  4 shows, this was the case in
late October. T h e r ef or e , the v a l u e  of 27 is a good order of m a g n i ­
tude e s t i m a t e  for the c ri t i c a l  R a y l e i g h  number.
I e s t i m a t e d  the R a y l e i g h  n um be r as foll o w s .  The high p o r o s i t y  
p e r m i t t e d  the use of the thermal d i f f u s i v i t y  of water (K = 1 . 4 X 1 0 " 7 
m 2 s ' 1 ) for the q u o t i en t X s /(pc)r. I tried to m e a s u r e  the i n  s i t u 
h y d r a u l i c  c o n d u c t i v i t y  u sing a s e l f - m a d e  d ev ic e b ased an a fall i n g  
head p e r m e a m e t e r ,  but the head m oved too q ui c k l y  to m e a s u r e  the rate 
of falling. I t h e r e f o r e  had to e s t i m a t e  the h y d r a u l i c  c o n d u c t i v i t y  
and I a s s u m e d  it to be s i mi la r to the v a l u e  in sands, 1 0 ~ 3 ai s - 1 .
This is a high v a l ue  but I think it is j u s t i fi ed  by the high p o r o s i t y  
of Lake 227 s e d i me nt s.  The a m p l i t u d e  of the annual t e m p e r a t u r e  cycle 
at the 1 m water d e p t h is 20 deg C w hich I took for AT and the 
s e d im e n t depth, H, was 10 m (8. K i p ph ut , p e r s on al  c o m m u n i c a t i o n ) .  
T h e re fo re , the m a x i m u m  R a y l e i g h  n u mb er  was 143, w h i c h  is r e a l iz ed  
only when the a m p l i t u d e  of the annual t e m p e r a t u r e  c y c l e is e x p r e s s e d  
across the w ho l e  d e pth of the s e di m e n t s .  When this h a p p e n s  the pore
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water is f re e l y  c o n v e c t i n q  ovar the e n t i r e  s e d i me nt  depth.
H ow e v e r ,  t h e r e  is a p er i o d  of time after a u tumn c o o li ng  b e g i n s  
when AT is not r e a l i z e d  over the w h o l e s e d i m e n t  depth. In t r a ns ie nt  
s y st e m s ,  a t i m e - d e p e n d e n t  R a y l e i g h  n u mber can be c a l c u l a t e d  based on 
the p r od u c t  Ha T w he r e  H and A T are s c a l e d  a c c o r d i n g  to d i f fu si on  
t h e o r y  and both c ha n ce  with time (Elder, 1968). When this time- 
d e p e n d e n t  R a y l e i g h  numb e r  first e x c e e d s  the c r it ic al  v alue at time 
tc, c o n v e c t i o n  e ns u e s  over the d e p t h  H ( t c ) (Elder, 1968). The con- 
v ec t i n g  layer then erod e s  the s ta bl e layer b e l o w until the c on v e c t i n q  
layer r e ac h e s  the s e di m en t b a s e m en t and AT is r e a l i z e d  acro s s  the 
e n t i r e  s e d i m en t depth.
S in ce  I did not have t e m p e r a t u r e s  b el o w  35 cm, I e s t i m a t e d  H and 
AT as f u n c t i o n s  of t i m e  as follows. The t e m p e r a t u r e  of the b ot t o m  
w ater in c o n ta ct  with the s e d i m e n t s  at 1 m w ater d epth is t yp i c a l l y  
22 deg C from 1 June to 1 S e p t e m b e r  ( Sc h i n d l e r  e t  ai, 1971; S c h i n dl er  
s t  s i  1973). For this time inte r v a l ,  I c a l c u l a t e d  the d i f f u s i v e  
s c ale length < = 2 ( K t ) l / 2 , w h e r e  t is the time inte r v a l )  to be 2.1 m, 
w hich is the d ep t h  to w hich s u m m e r  h e at in g occurs. This p r o v i d e d  an
initial c o n di ti on , To, for the f o l l o w i n g  anal y s i s .  I assumed, then,
that on 1 S e p t e m b e r  the s e d i m e n t s  to 2.1 m are at a bout 22 deg, and 
the s e d i m e n t  s u r f a c e  b e gi ns  c o ol i n g  l i n e a r ly  with time to the o b ­
s erv e d  t e m p e r a t u r e  of 4.4 deg on 30 October. The t e m p e r a t u r e - d e p t h  
d i s t r i b u t i o n  as a f u n c ti on  of time, for a s y s t e m  u n d e r g o i n g  s ur f a c e  
c o ol in g at a linear rate, is g iven by e q u a t i o n  10 ( Ca r s l a w  and
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Jaeger, 1 959), w he r e i, 3 . 5 X 1 0 - * deg 3 “ l , is the rate of cooling.
T(z, t ) = - 4 a t i 2 erfc )' —  + To 10
(See Car si aw and Jaeger C 1959 3 for the d e f i n i t i o n  o-f the nth r e p e a t e d  
integral o-f the c o m p l e m e n t a r y  error -function, in erfc*.) For c o n ­
v e ni en ce ,  I took the d i f f u s i v e  s c a l e  depth, H , as 2 ( K t ) 1 / 2 , w he r e  t 
is the time after 1 S e p te mb er . This is the d ep t h  at which the 
a r gu m e nt  of the r e p e a t ed  c o m p l i m e n t a r y  error f u n c t io n in e q u a t i o n  10 
is I, and is s im i l a r  the e - f o l d i n g  d epth for e x p o n e n t i a l  d i s t r i b u ­
tions. At the time of the first a p p e a r a n c e  of the high f r e q u e n c y  
t e m p e r a t u r e  f l u c t u a t i o n s ,  the s ca l e  d epth was 1.6 m. The t e m p e r a t u r e  
at the scale d e p t h  is T = - 0 . 0 5 6 8 s t + r o , w h ich is just e q u a t i o n  10 when 
the a rg u m e n t  is 1. The t e m p e r a t u r e  d i f f e r e n c e  b et w e e n  the scale 
depth and the s e d i m e n t  s u r f a c e  is A7=0 . 9 5 s i .  The p r od uc t 
HAT = 1 .9 a (K t 3 ) 1/2 i n c r e a s e s  as the 3/2 power of time and on 28 
O c t o b e r  was 25 m deg.
The R a y i e i g h  n u m b e r  on this date was 19, a s s u mi ng  a h y d r a u l i c  
c o n d u c t i v i t y  of 10-3 m s - 1 , and is c e r t a i n l y  w i t h i n  the r a n g e  of the 
c r it ic al  value, c o n s i d e r i n g  that this e s t i m a t e  is v a lid over an o r d e r  
of m a g n i tu de . The f ai l u r e  to d e te ct  any global v e l o c i t i e s  g r e at er
than 5x lO"* m s -1 i n d i c a t e d  that the pore w at er s at the s ha l l o w  p r o b e
site w er e  m a r g i n a l l y  u n st a b l e .  T h er ef or e,  the v al ue  that I have used 
for the h y d r a u l i c  c o n d u c t i v i t y  is p r o b a b l y  an u pper bound.
A l t h o u g h  the pore w a t e r s  were m a r g i n a l l y  u n s t a b l e ,  I could nat
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e a s i l y  a c co u n t  for the a p p e a r a n c e  at high f r e q u e n c y  t e m p e r a t u r e  f l u c ­
tuations. I t hink the t e m p e r a t u r e  f l u c t u a t i o n s  were r e la t e d  to the 
free c o n v e c t i o n  that the a b ove d i s c u s s i o n  i n d i c a t e d  was o c c u r r i n g  to 
about 1.6 m. But the f l u c t u a t i o n s  are not c h a r a c t a r i s t i c  of linear, 
s t e a d y - s t a t e  c on ve c t i o n .  O s c i l l a t o r y  c o n v e c t i o n  o c cu rs  at R a y l e i g h  
n u mb e r s  a bo v e  240 (Horne and O ' S u l l i v a n ,  1974' w hich is more than 
ten-titnes g r e at er  than the e s t i m a t e d  value. F u r t h e r m o r e ,  t here were 
no t e m p e r a t u r e  f l u c t u a t i o n s  b elow 8 cm. The o s c i l l a t o r y  s y s te ms  
d e s c r i b e d  by H o r n e and O ' S u l l i v a n  show t e m p e r a t u r e  f l u c t u a t i o n s  
t h r o u g h o u t  the c o n v e c t i n g  layer.
The d en s i t y ,  c a l c u l a t e d  f ro m  t e m p e r a t u r e ,  s ho w e d  n e g l i g i b l e  g r a ­
d i e n t s  in the u pper few c e n t i m e t e r s  b e c a u s e  of the d e n s i t y  m a x i m u m  at 
4 deg C (Figure 4). So at the time the f l u c t u a t i o n s  o c c u r r ed , the 
u n s ta bl e,  c o n v e c t i n g  layer was b ou n d e d  a bove bv a stab l e ,  q u i e s c e n t  
layer. Water near the d en s i t y  m a x i m u m  at 4 deg C show l arge t e m p e r a ­
ture f l u c t u a t i o n s  at the i n t e r f a c e  b e t w e e n  the s ta bl e and c o n v e c t i n g  
layers ( T o wnsend, 1964). T h e s e f l u c t u a t i o n s  h a v e  been i n t e r p r e t e d  as 
inter n a l  w a v e s  p r o p a g a t i n g  along the i n t e r f a c e  (Townsend, 1966). 
T o w ns en d shows that t he s e  w a v es  o ccur only when the i n er t i a l  e ff e c t s  
are g r ea te r than v i s c o u s  effec t s .  U s u al ly , the d y n a m i c s  of flow in 
p o r ou s m e d ia  are d e s c r i b e d  by D a r c y ' s  law (12) w hich a s s u m e s  that the 
p r e s s u r e  g r a d i e n t
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is b a l a n c e d  by the f r i ct io na l D ar c y  term. I c o n s i d e r e d  the effe c t  cf 
adding a l l o wi ng  an inertial term as in e q u a t i o n  12. The r a t i o  of the
m a g n i t u d e  of the inertial term to the D arcy t e r m  13 given by the 
d i m e n s i o n l e s s  n um b e r  X / 0 0 1 *, w h e r e  t “ is a is a c h a r a c t e r i s t i c  time,
I e s t i m a t e d  this numb e r  to be IQ~3 by u sing the a s su me d v a l u e  at the 
h y d r a u l i c  c o n d u c t i v i t y  for K and u s i n g  the s ma ll e s t  p er io d of the 
o b s e r v e d  t e m p e r a t u r e  f 1 iac tuat i on s for t “ . This shows the n e g l i g i b l e  
e f f e c t  of the inertial t e r m  for t h e se  f lu ct u a t i o n s .  H o we ve r,  I think 
that the c o n v e c t i n g  layer, b e n e a t h  a s h a l l o w  s t a b l e  layer, c a us es  the 
o b s e r v e d  f l u c t u a t i o n s  in a m a nn er  w h o se  d e t a i l s  have yet to be e x a ­
mined t h e o r e t i c a l l y  ,
Approach to Penetrative Convection, Fall, 1979
B as e d  on the o b s e r v a t i o n s  of t e m p e r a t u r e s  at the s ha l l o w  p r o b e 
site and the a bo v e  c a l c u l a t i o n  of the t i m e - d e p e n d e n t  R a y l e i g h  number, 
I b e l i e v e  the p r oper s e q u e n c e  of e v e n t s  in t h e  fall, 1979, to be the 
f o ll o w i n g .  Cold b ot t o m  w at e r  in c o n t a c t  with w a r m  s e d i m e n t s  b e g an  to 
cool the upper s e d i m e n t s  in a c c o r d a n c e  with p u r e l y  d i f f u s i v e  
t r a ns po rt  of heat. The t e m p e r a t u r e  at the s e d i m e n t  s u r f a c e  d e c r e a s e d  
l i n e a r l y  with time and d i f f u s i v e  c oo l i n g  c o n t i n u e d  until m i d - O c t o b e r  
when the s ys t e m  b e ca m e m a r g i n a l l y  u n s t a b l e  with r e s p e c t  to free 
c o nv ec ti on . At that time, the u n s t a b l e  layer b e g a n  to c o n ve ct  so 
s low l y  that the t e m p e r a t u r e  p r o f i l e  was n e g l i g i b l y  d i st u r b e d ,  as
z 12
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i n d i c a t e d  by the f ai l ur e to find any global v e l o c i t i e s  g r e at er  that 
5 X 1 0 “ * in 5 ~ l . The c o n v e c t i n g  c e lls e x t e n de d from this upper b ou nd a r y  
to a bout 1.6 m b el ow  the s e d i m e n t  s u r f a c e  and s in c e  the s ys t e m  was 
m a r g i n a l l y  u n s t a b l e  the a s pect r at i o  of the c e l ls  (w i d t h :d e p t h ) was 
2.73 (lapwood, 1948). In late O c t ob er , a s t a b l e  layer was c r e a t e d  by 
the c o ol i n g  of the pore w at er s in the upper few c e n t i m e t e r s  to the 
t e m p e r a t u r e  of the m a x i m u m  d e ns i t y  of water. I have s u g g e s t e d  that 
the i n t e r a c t i o n  of the c o n v e c t i n g  layer b el o w  this d epth and the 
s ta b l e  a bove c au se d the high f r e q u e n c y  t e m p e r a t u r e  f l uc tu a t i o n s .  The 
pore w a t e r s  at the d e eper p ro b e  s it e s  were still q u i e s c e n t  since the 
b o tt om  w a t e r s  t h e r e  did not r each as high a t e m p e r a t u r e  d u ring the 
summer as the b o t t o m  water at 0.75 m ( S chindler et a I, 1971;
S c h i n d l e r  et ai, 1973). Thus t h e re  w e r e  no t e m p e r a t u r e  f l u c t u a t i o n s  
at these p r o b e  sites.
The o b s e r v a t i o n s  and c a l c u l a t i o n s  are hard to r e c o n c i l e  with 
o b s e r v a t i o n s  by H e s s l e i n  (1980) that the d epth of the layer of e n ­
hanced t r a ns po rt  is 10 cm. H e s s l e i n  b e l i e v e s  the i nc r e a s e d  t r a n s p o r t  
is due to free c o n ve ct io n;  howe v e r ,  the depth of the c o n v e c t i n g  layer 
from the a bove c a l c u l a t i o n s  s h o u l d  be more than ten t i m es  the depth 
of H e s s l e i n ' s  layer of e n h a n c e d  t ra n s p o r t .  The r a t e  of c c ol in g was 
p r o b a b l y  much g r ea t er  in 1975, the year of H e s s l e i n ' s  o b s e r v a t i o n s ,  
b e c a u s e  ice form e d  e a r li er  on the lake. But this i n c r e a s e  in c o o li ng  
rate is not l i k e l y  to a cc o u n t  for such a s h a l l o w ,  c o n v e c t i n g  layer. 
The d epth of the c o n v e c t i o n  layer at the onset of c o n v e c t i o n ,  Hc ,
51
v a ri s s  as w hi c h  is d e ri v e d  by s u b s t i t u t i n g  the f uncti anal
d e p e n d e n c e  for H AT (- - 1. 9a ( K f 3 ) 1 / 2 ) into the e x p r e s s i o n  far the 
R a y l e i g h  numb e r  (9; and then e q u a t i n g  the e x p r e s s i o n  to the critical 
value and s o lv i n g  for Jfe . Even if the c o o li ng  rate was t w i c e  as fast 
in 1975, the c ri t i c a l  depth, w ou l d  be 2 ~ x / 3 =(0,8) tines the value 
c a l c u l a t e d  for 1979.
Implications for Penetrative Convection in Ocean Sediaents
I have used the t h e o r y  of p e n e t r a t i v e  c o n v e c t i o n  in p o ro us  m edia 
to e xp l a i n  the f a i l u r e  to find global v e l o c i t i e s  in the time s e r i e s  
of t e m p e r at ur e.  This t h eo ry  can be a pp l i e d  to the p o s s i b i l i t y  of 
p e n e t r a t i v e  c o n v e c t i o n  in s e d i m e n t s  o ther than Lake 227. This s e c ­
tion d i s c u s s e s  some t h eo r y  of p e n e t r a t i v e  c o n v e c t i o n  in p or ou s m ed i a  
and the p o s s i b i l i t y  of its o c c u r r e n c e  in other e nv ir o n m e n t s .
P e n e t r a t i v e  c o n v e c t i o n  is not limi t e d  to f resh w a t e r s  but o c curs 
in c o a stal s e d i m e n t s  also. D e n s i t y  is d e t e r m i n e d  by s a l i n i t y  as well 
as t e m p e r a t u r e  in t hese e n v i r o n m e n t s  so that t e m p o r a r y  i n c r e a s e s  in 
the s a l i n i t y  of b o t t o m  w a t e r s  can also lead to p e n e t r a t i v e  c o n v e c ­
tion. When and w h e r e  t hi s  p e n e t r a t i v e  c o n v e c t i o n  o cc ur s is r e la te d 
to s t a b i l i t y  c r i t e r i a  b a s e d  an the thermal R a y l e i g h  n u m b e r  (9) and a 
s im i l a r  s o l u t e  R ay l e i g h  n u m ber, R a ' , d e fi ne d as
w he re  «' is the s a l i n it y a n a l o g  to the ther m a l  e x p a n s i o n  c o e f f i c i e n t ,  
AS is the scale s a l i ni ty  d i f f e r e n c e ,  and K.' is the s o l u t e  d i f f u s i v i -
52
t y . I made e s t i m a t e s  of the depth of the c o n v e c t i n g  layer, H c , at 
the time, r c , that c o n v e c t i o n  i n i t i a t e s  (Table 1). I a s s umed the 
s e d i m e n t s  are at some initial t e m p e r a t u r e  or s a l i n i t y  ( d epending on 
whet h e r  the i n c r e a s e  in b o t t o m  w a ter d en s i t y  is c a us ed  by c h an g e s  in 
t e m p e r a t u r e  or sali n i t y )  and that at time zero the b o t t o m  water 
u n d e r g o e s  an i n c r e a s e  in d en s i t y ,  s A T («'AS). I used the d i f f u s i v e  
scale depth, tf = 2(;Ct>1/2 ( H = 2 ( K ' t ) 1 / 2 ) , to s o l v e for the critical 
time, t c , w here
and the c ri t i c a l  depth, H c , is
and t c are p r o p o r t i o n a l  to the d i f f u s i v i t y ;  the thermal d i f f u s i v i ­
ty is 1000 times as large as the s ol ut e d i f f u s i v i t y  so that salt- 
d r i v e n  c o n v e c t i o n  i n i t i a t e s  in o n e - t h o u s a n d t h  the time that h e a t -  
dr iven c o n v e c t i o n  i n it ia te s,  g i ven the same d e n s i t y  d i f f e r e n c e ,  i.e. 
x a T = k ' aS .  He is, howe v e r ,  o n e - t h o u s a n d  t imes less for s a l t - d r i v e n  
than for h e a t - d r i v e n  c o n v e c t i o n .  N o t i c e  that and tc are p r o p o r ­
tional to the i n v er se s of the d e n s i t y  d i f f e r e n c e  and the s q u a r e  of 
the d e n s i t y  d i ff e r e n c e s ,  r e s p e c t i v e l y .  L a r g e  s a l i n i t y  c ha n g e s  (AS=10 
g/kg) in e s t u a r i e s  due to t ides c ould lead to p e n e t r a t i v e  c o n v e c t i o n  
if the s e d i m e n t s  were very p e rm ea bl e,  e.g. c o a r s e  sand
* a -- 
2 « A  TK
14
(X = 10' 3 Hi s ' 1 ). S m al le r i n c r e a se s < AS = 1 g/kg) in s al i n i t y  due to 
u p w e l l i n g  e v en ts  could c a u s e  p e n e t r a t i v e  c o n v e c t i o n  in shelf s e d i ­
ments w he r e  the p e r m e a b i l i t y  is as high as 10 ' 3 m s ' 1 (Reidl e t  a i , 
1972). D ou bl e d i f f u s i v e  c o n v e c t i o n  (Nield, 1968) is also p o s s i b l e  in 
these two e n v i r o n m e n t s .  P e n e t r a t i v e  c o n v e c t i o n  in d e e p - s ea  s e di m e n t  
is not l i k e l y  to occur s i n ce  the h y d r a u l i c  c o n d u c t i v i t y  is so low 
( K <1 0~ B m s ' 1 , see Bryant et ai C19811). C o n v e c t i o n  w ould not i n i —
T able 1. C ri t i c a l  tifles, t c , and depths, Hc , are given for v a ri o u s  
v al u e s  of A T and AS. The a m p l i t u d e s  of v e lo c i t y ,  /I, and of t e m p e r a ­
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t i ate -for t im e s  less than the age of the e arth (about IQ6 yrs) for 
s a l i n i t y  i n c r e a s e s  as l a r g e  as 10 g / kg .
S t r e a m l i n e s  and c o n t o u r s  of the t e m p e r a t u r e  p e r t u r b a t i o n  for the 
c o n v e c t i v e  m o t ion, F ig u r e  8, are b ased on L a p w o o d ' s  (1948) solut i o n  
(16) of the l i ne ar iz ed ,  g o v e r n i n g  e q u a t i o n s  with an upper b o u nd ar y
, i  s i n H  , s i nhr J ,  N = A I — :-----  +
si nil si nhr
s l n  1 x s i  n a y
A H t  f flcosftS, rcoshrt . . .+ ------:— :----  s i n l x c o s j y
H si nil si nnr
u = A H l  f ftcosJtt rcoshrS, ,+ ~ — :— — —  c o s i x s i n a y





s i ni xs in ay
li
w he r e r 2 = a ( ( a c ) 1 '2 + a) 
= a < < K a „ > 1/2 - a) 
a 2 = H 2 (i2 + a 2 )
X = z / H  
fta< = 27. 1 
a = 2.3
in c o n t a c t  with a free fluid. The a m pl i t u d e ,  /I, of c o n v e c t i o n  cannot 
be c a l c u l a t e d  from the l i ne ar i z e d ,  g o v e r n i n g  e q ua t i o n s .  C o m b a r n o u s  and 
Bori e s  (1974) o u t l i n e  a m e t h o d  b ased on e n e r g y  c o n s e r v a t i o n  that yields 
the a m p l i t u d e  of c o nv ec t i o n .  The a m p l i t u d e  of the vert i c a l  velo c i t y ,
A, is g iven by
A2 = ■Kaa: (fta-/?ac )





F i g u r e  8. a. I s o t h e r m s  ot t aaiper at ur e p e r t u r b a t i o n  and b .  s t r e a m l i n e s  
( Lap w o o d  , 1943).
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, ,, sin fit sinhrt , _ I ^  iw h ere M <* — :---- + — —  ---- and F  = - a 2 W
sinn s i n h r  9£- ]
and w h e re  the q u o t i e n t  of i n t e r g r a l s  e v a l u a t e s  to -1,35. T h e r e fo re , 
when c o n v e c t i o n  f irst i n i t i a t e s  and Ra is c l o se  to Ra c , the a m p l i ­
tudes are n e gl ig i b l e .
Init i a l l y ,  the depth of the c o n v e c t i n g  layer g r o w s at a rate 
equal to the d i f f u s i v e  rate, i.e. H = 2 ( K t ) 1 / 2 . N u m e ri ca l m o d e l i n g  of 
p e n e t r a t i v e  c o n v e c t i o n  for t i m e s  g re a t e r  than 4 t c s hows that linear 
t he o r y  b re ak s  d o w n  and b l o b s of d en se  fluid b eg i n  to sink t h r ou gh  the 
stab l e  layer (Elder, 1963). T h e r e f o r e  e q u a t i o n  16, w hich is b as e d  on 
L a p w o o d ' s  linear a n a l y si s (1948), is good only for t i m e s  less than 
4 t c . It is i n s t r u c t i v e  to c a l c u l a t e  the a m p l i t u d e s  of the vert i c a l  
v e l o c i t y  and t e m p e r a t u r e  p e r t u r b a t i o n  at t = 4 t c using e q u a t i o n  (18).
, 1.35 Ra=k*a~   /I(4t,> (Rac)l/2< - « ( , ) ------- JJ-;  A. I4 t,l - ------ — -------  18
I h a v e  i n cl ud ed  t h e se  v a l u e s  in T a b l e  I. The g r ow th  of the v e l o c i t y  
a m p l i t u d e  is g iv e n  by
f. * r _  4 tc W 2  JjL
. 4 <4tc) 1 t t
20





F i g u r e  9. l i a s  d e p e n d e n c e  o-f c o n v e c t i v e  v e l o c i t y  a m p l i t u d e  (.4) 
n o r m a l i z e d  to the a m p l i t u d e  at t = 4 1 .
I m p l i c a t i c n s  for I n c r ea se d S o l u t a  T r a n s p o r t
The i n c r e a s e  in f la xe s of s al u t a s  due to p e n e t r a t i v e  c o n v e c t i o n  
cannot be r e a d i l y  e s ti m a t e d .  C o n v e c t i n g  s ys t e m s  u n d e r g o i n g  c i r c ul ar  
m o tion have no net water t r a n s p o r t  a cr o s s  any h o ri z o n t a l  s ur fa ce  and 
net t r a n s p o r t  of s ol u t e s  o c c u r s  only if v e rt i c a l  g r a d i e n t s  in c o n c e n ­
tr at io n  exist. This i m pl ie s that the i n c r e a s e  in s ol u t e  t r a n sp or t 
will d ep e n d  on the s t r e ng th  of the s o lu te  sink (or source) in the 
sed i m e n t s .  To p re d i c t  the i n c r e a s e d  t r a n s p o r t  of s o l u t e s  a c r o s s  the 
sedi m e n t  surf a c e ,  the t i m e - d e p e n d e n t  d i a g e n e t i c  e q u a t i o n  would have 
to be i n t e g r a t e d  n u m e r i c a l l y  u sing the t i m e - d e p e n d e n t  v e l o c i t y  field. 
This c a l c u l a t i o n  is b e yond the s co p e  of this d i s s e r t a t i o n .  However, 
some g e n e r a l i z a t i o n s  about the e ff e c t  of c o n v e c t i o n  on s o l u t e  d i s t r i ­
b u ti o n s  can be made:
1. C o n v e c t i o n  i n t r o d u c e s  p e ri od ic , lateral h e t e r o g e n e i t y  with 
length s ca l e s  on the order of the d epth of the c o n v e c t i n g  layer. 
D i f fe re nt  v e rt i c a l  p r o f i l e s  w ould be o b t a i n e d  d e p e n d i n g  on w h e th er  
the s a m p li ng  was in an area of r e c h a r g e  or d i s c h a r g e  (flow into or 
out of the s e d i m en ts , r e s p e c t i v e l y ) .
2. P e n e t r a t i v e  c o n v e c t i o n  is t i m e - d e p e n d e n t  and vert i c a l  p r o ­
files would c ha ng e as the c o n v e c t i n g  layer p e n e t r a t e s  the s ta b l e
1 a y e r .
3. A l t h o u g h  the net i nc re a s e  in s ol u t e  flux c an no t be e as il y 
e s ti ma te d , note that s o l u t e  d i f f u s i v i t i e s  are t y p i c a l l y  l C T ^ - i O " 3 
time the thermal d i f f u s i v i t y  and, t he r e f o r e ,  they are more s u s c e p t i ­
ble than heat to i n cr ea se d t r a n s p o r t  Dy c o n ve ct io n.
A P P E N D I X  A
The f ol l o w i n g  f i gu r e s  are the r e c o r d e d  t e n p e r a t u r e s  from Lake 
227 from each probe. I have given the water depth at the top center 
of each figure. The h o ri zo nt al  axis is time w hich is labe l l e d  by 
date, hour and m i n u t e  (CST), and the v e rt i c a l  axis is t e m p e r a t u r e  in 
deg C. The t e m p e r a t u r e  r a n ge  in each f i g u r e  is 5 deg. I have 
i n d i c a t e d  the t h e r m i s t o r  d e p t h  for each time series. I n u m b er ed  the 
f i g u r e s  so that each time p e ri od  that was not i n t e r r u p t e d  by a c a s ­
s ette c ha n g e  has the same f i g u r e  number; I used lower case l e t t e r s  to 
i n d i ca te  data w hich was u n i n t e r r u p t e d  for more than 24 hours.
I have not i nc l u d e d  t ab l e s  of the time s er ie s of t e m p e r a t u r e  
b e c a u s e  several v ol u m e s  w o u ld  be r e q u i r e d  to hold all of it. I have 
the time s e r i e s  a v a i l a b l e  on tape for a ny o n e  i n t e r e s t e d  in l o o king 
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A P P E N D I X  B
I d e p l o y e d  a p r o t o t y p e  t h a r a i s t o r  p rcba in a t u n d r a  pond in
Barrow, Alaska. This p r o b e  did not have any p o l y u r e t h a n e  foam in the
i nterior. The pond was a b o u t  15 m in d i a m e te r and 50 cm deep in the 
d e ep es t portion. The w at e r  c o lu mn  was 20 cm deep w h e re  the p r o b e  was
i ns e r t e d  into the s ed i m e n t s .  A p e r m a f r o s t  layer at 3 5 - 4 5  cm (ex­
t r a p o l a t e d  from the linear t e m p e r a t u r e  p r o f i l e  in F ig ur e B . 1) gave a 
lower b o u n d a r y  c o n d i t i o n  of 0 deg at this depth.
T e m p e r a t u r e  f l u c t u a t i o n s  o c c u r r e d  at t h e r m i s t o r  d e pt hs  10-12 cm 
with a p e r i o d  of 2 . 4 x 1 0 3 s (40 m i n ) and a m p l i t u d e  of 0.09 deg. At 
first I i n t e r p r e t e d  t hese f l u c t u a t i o n s  as b eing due to s t e a d y  c o n v e c ­
tion b e tw e e n  the s e d i me nt  s u r f a c e  and the p e r m a f r o s t  layer. Howe v e r ,  
the m o d i f i e d  R a y l e i g h  n um be r (based on a n o n l i n e a r  t e m p e r a t u r e -  
d en si ty  r e l a t i o n s h i p  CWu et ai, 1979]) was 3 x 1 0 - 4 . This v a l u e  was 
based on the m e a s u r e d  h y d r a u l i c  c o n d u c t i v i t y  of 1 0 ~ 4 , and was ten- 
t h o u s a n d times too small for c o n v e c t i o n  to be o c c u r r i n g  in the s e d i ­
ments.
Water that had seep e d  into the i n t e ri or  of the p ro b e  had the 
same t e m p e r a t u r e  g r a d i e n t  as that in the s e d i me nt s.  B e c a u s e  the 
f r i ct io na l e f f e c t s  are much less for this water than for p o r e  waters, 
the t e m p e r a t u r e  f l u c t u a t i o n s  w er e  more l i ke ly  c a u s e d  by water c o n v e c -  
ting in the i n t e r i or  of the probe. Indeed, the t e m p e r a t u r e  f l u c t u a ­
tions are s i m i l a r  to t h o se  o b s e r v e d  in the i n te r i o r  of a w a t e r - f i l l e d  
pipe w hich is s u b j e c t e d  to a d ve r s e  t e m p e r a t u r e  g r a d i e n t s  (Azouni, 
1981). C o n v e c t i o n  w i thin the i n t er io r of a p ip e  f i l l e d  with water
105
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F i g u r e  B . 1. T e m p e r a t u r e  and d e n s i t y  a n o m a l y  for t u n d r a  pond. The 
d a s h e d  lines are e x t r a p o l a t e d  ■from the n e a a u r e d ,  linear t e m p e r a t u r e  










Time of Day (hr)
F i g u r e  B.2. T e m p e r a t u r e  -fluctuations at d e p t h s  of 1 0-12 cm.
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near the m a x i m u m  d en s i t y  (4 deg) is g o v e r n e d  by a R a y l e i g h  n u m b e r  for 
v i sc o u s  f l u i d s  (Azuoni, 1991). I c a l c u l a t e d  this n u mb e r  to be 10= 
which, a c c o r d i n g  to Azouni, is much g r ea te r than lowest v al u e  at 
which o s c i l l a t o r y  c o n v e c t i o n  o cc ur s in a pipe. The f l u c t u a t i o n s  are 
p r o b a b l y  m a n i f e s t a t i o n s  of c o n v e c t i o n  w i t h i n  the probe. I have 
d i s c o u n t e d  the data from the t un dr a pond with the c av e a t  to f u ture 
i n v e s t i g a t o r s  to fill vour probes!
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